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SLCTION  I 
IHTRODUCTION 


1.1  Background 


For  many  years,  gas  bearings  have  been  a natural  candidate 
for  high-speed  turbomachinery  design  because  of  the  convenience 
and  simplicity  of  using  the  process  fluid,  plant  air,  or  ambient 
atmosphere  as  the  lubricant.  Consequently,  a system  concept  that 
can  capitalize  on  the  advantages  of  a gas  bearing  has  been  the 
object  of  intensive  research  throughout  the  world. 


Air  bearings  constitute  one  type  of  the  more  general  class 
of  process  fluid  film- lubricated  bearings.  The  process  fluid  is 
the  fluid  most  readily  available  as  the  lubricant.  There  are  two 
general  types  of  such  fluid-film  bearings  in  use  today:  the  self- 
acting (hydrodynamic)'  type,  and  externally  pressurized  (hydro- 
static) type.  The  self-acting  bearing  derives  its  load-carrying 
capacity  from  the  pressure  generated  in  the  fluid  film  by  the  rel- 
ative motion  of  two  converging  surfaces.  The  externally  pressur- 
ized bearing  relies  on  an  external  pressure  as  its  source  of  load 
capacity.  The  type  of  bearing  used  in  any  particular  application 
depends  on  the  detailed  requirements  of  the  application.  The 
self-acting  bearing  has  the  advantage  of  being  independent  of  an 
external  pressure  source  whereas  the  externally  pressurized  bear- 
ing has  the  advantage  of  increased  load  capacity,  if  sufficient 
pressure  is  available.  The  two  concepts  are  shown  in  Figure  1. 


Gas- lubricated  foil  bearings  show  potential  for  providing 
the  advantages  of  simplicity,  reduced  maintenance,  added  reli- 
ability, reduced  vulnerability,  high-temperature  operation,  re- 
duced weight,  and  cost  savings  to  an  advanced  engine  system. 
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Figure  1.  The  Gas  Bearing  Concept, 


l.lil  Advantages 

(a)  Simplicity  - Simplicity  of  gas-lubricated  bearings  is 
effected  by  the  absence  of  a complicated  delivery  and 
scavenge  Oil  network,  especially  critical  at  the  hot 
end  bearing,  where  oil  crosses  the  engine  exhaust  path 
upon  entering  and  leaving  the  bearing  cavity.  In  this 
area,  extensive  development  is  sometimes  necessary  to 
prevent  high  oil  temperature  during  soakback,  which 
often  reduces  engine  reliability  and  time-between- 
overhaul . 

(b)  Reduced  Maintenance  and  Added. Reliability  - Foil 
bearing  endurance  capability  has  been  proven  by  foil 
bearing-equipped  cooling  turbines  used  in  the  DC-10 
environmental  control  system  (ECS) . Reliability  also 
is  being  demonstrated  in  several  military  aircraft 
ECSs. 


Foil  bearings  can  achieve  a longer  life  because  there 
is  no  contact  between  bearing  and  shaft  during  normal 
operation.  Wear-resistant  coatings  provide  adequate 
wear  protection  for  contact  during  starts  and  stops. 


Eliminating  the  need  for  a viscous  bearing  lubricant 
reduces  the  load  on  the  Ixabrication  pump  and  enhances 
cold  weather  starting  capability. 

(c)  Reduced  Vulnerability  - Since  the  foil  bearings  do 
not  require  external  engine  hardware,  such  as  oil 
lines  and  an  oil  heat  exchanger,  engine  vulnerability 
is  reduced. 

(d)  High-Temperature  Operation  - Advancements  in  foil 
coating  temperature  tolerance  were  achieved  during 
this  program.  Because  air  viscosity  increases  with 
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temperature,  a hotter-running  bearing  provides 
higher  load  capacity,  thus  making  high  temperature 
operation  desirable. 

(e)  Reduced  Weight  - A weight  saving  is  effected  by  the 
reduction  in  oil  capacity  required  by  a system  in- 
corporating foil  bearings,  assuming  that  an  engine 
gearbox  is  still  required.  The  reduced  oil  capacity, 
in  turn,  would  reduce  capacity  requirements  for  the 
oil  heat  exchanger  and  the  oil  pump.  Eliminating 
oil  delivery  and  scavenge  networks  results  in  a less 
complex,  more  uniform,  and  lighter  weight  assembly. 

The  weight  saving,  however,  is  compromised  by  the 
requirement  for  larger  diameter  journal  bearings  and 
the  addition  of  a thrust  runner  on  the  rotor  for  the 
thrust  bearing. 

(f)  Cost  Saving  - The  inherent  simplicity  of  the  foil 
bearing  lends  itself  to  rapid  and  easy  fabrication. 

After  an  initial  investment  in  tooling,  foils  can 
be  stamped  or  rolled  out  at  low  cost.  The  greatest 
cost  saving  is  realized  by  elimination  of  the  oil 
network . 

1.1.2  Related  Programs 

The  gas-lubricated  foil  bearings  utilized  for  this  program 
are  of  a design  patented  by  The  Garrett  Corporation.  The  bearings 
were  initially  developed  for  experimental  use  in  cooling  turbines 
of  the  Boeing  727  air  conditioning  system.  General  design  of 
these  bearings  is  depicted  in  Figure  2 . 

Observing  this  successful  application  to  the  cooling  turbines 
and  recognizing  the  advantages  foil  bearings  offer  to  advanced 
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military  engines,  the  U.S.  Air  Force  sponsored  a feasibility 
study  of  the  application  of  gas-lubricated,  compliant  foil  bear- 
ings to  gas  turbine  engines.  This  initial  program  was  completed 
and  is  described  in  Technical  Report  AFAPL-TR-72-41^  dated  June 
1972. 


During  a follow-on  program,  a foil  bearing  demonstrator  was 
designed  and  fabricated  from  an  AiResearch  Model  JFS100-13A  Jet 
Fuel  Starter  gas  generator,  which  is  used  on  the  Air  Force  A7D 
light-attack  aircraft.  Modifications  to  the  original  production 
equipment  included  replacing  the  rolling  element  bearings  with 
compliant  foil  gas  bearings  and  replacing  the  power  turbine  module 
with  an  exhaust  thrust  nozzle.  The  resultant  engine  is  a 95- 
poiind  static  thrust  turbojet  engine,  mounted  on  compliant  foil-gas 
bearings  totally  free  of  oil  and  external  air  supply  and  operating 
at  72,000  rpm.  The  demonstrator  was  operated  continuously  for 
five  hours  and  underwent  135  start/stop  cycles.  This  activity 
was  reported  in  Technical  Report  AFAPL-TR-73-56  dated  Jvine  1973. 
Other  foil  bearing  application  and  demonstration  vehicles  are 
shown  in  Figure  3 and  tabulated  in  Table  1. 

1.2  Program  Objectives 

The  program  objective  was  to  extend  and  demonstrate  the 
state-of-the-art  of  gas  lubricated  compliant  surface  bearings 
to  1000  to  3000  pound  thrust  claSs  full  scale  turbomachine  re- 
quirements and  constraints. 


1.3  Program  Approach 


The  progrcim  approach  was  as  follows: 

(a)  Establish  the  loads  imposed  on  the  journal  and 
thrust  bearings  by  the  selected  turbomachine 
rotor. 
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(b)  Apply  existing  and/or  develop  the  analytical  design 
tools  required  for  bearing  development  and  for  the 
proper  application  of  these  bearings  to  the  1000-  to 
3000-pound  thrust  turbomachine. 

(c)  Design,  fabricate  and  develop  a thrust  bearing  and  a 
journal  bearing  test  rig  for  baseline  bearing  testing 
and  development  to  meet  the  selected  turbomachine  re- 
quirements, while  subjected  to  the  maneuvers  of 
MIL-E-5007C. 

(d)  Conduct  a base  material  and  coating  selection  and 
evaluation  program  to  select  materials  that  will 
meet  temperature  requirements  of  the  thermal  anal- 
ysis. Candidate  materials  are  to  be  evaluated  in 
a high  temperature  wear  test  rig  to  determine  fab- 
rication suitability,  wear  and  friction  factor. 


(e)  Conduct  a bearing  development  program  with  the  sup- 
port of  analytical  tools.  Development  activities 
goal  was  to  achieve  the  load  capacity,  high  tempera- 
ture operation,  and  other  turbomachine  application 
requirements . 
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SECTION  II 
SUMMARY 


The  progr^  consisted  of  the  following  three  major  divisions 
of  effort,  each  dependent  on  the  others  to  achieve  program  goals: 
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o Analytical 
o Materials  Development 
o Bearing  Development  and  Testing 

Accomplishments  within  these  areas  are  summarized  in  the 
following  paragraphs. 

2 . 1 Analytical 

The  elasto-hydrodynamic  thrust  and  journal  foil  bearing  com- 
puter analytical  programs  developed  during  this  program  are  a 
major  first  step  in  developing  full  analytical  capability  to  pre- 
dict foil  bearing  performance.  These  analytical  tools  permit 
evaluating  foil  bearing  performance  for  a complete  range  of  bear- 
ing parameters  (foil  thickness,  n\amber  of  foils,  journal  free 
form  radius,  foil  overlap,  etc.)  The  foil  thrust  bearing  solution 
already  has  been  demonstrated  as  a powerful  design  aid  in  assess- 
ing the  baseline  design  load  capacity  as  well  as  providing  proper 
direction  to  increase  load  capacity.  This  has  been  established 
with  excellent  experimental  correlation  from  the  baseline  config- 
uration thrust  bearing  test,  and  the  increased  load  capacity 
achieved  by  proper  control  of  foil  rigidity  as  analytically  pre- 
dicted. The  journal  bearing  computer  simulation  has  permitted 
evaluation  of  foil  elasticity  effects  such  as  static  stiffness 
and  foil  preload,  which  has  proven  to  be  a major  factor  in  control 
of  journal  rig  shaft  dynamics  and  stability.  Excellent  correla- 
tion was  achieved  for  the  elasticity  routine,  which  includes  the 
nonlinear  effects  characterized  by  foil  and  boundary  interactions. 
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Thus#  a major  obstacle  has  been  overcome  by  predicting  the 
nonlinear  elasticity  effects  of  foil  journal  bearings.  The 
full  elastp-hydrodynamie  journal  bearing  computer  solution 
has  been  executing  at  low  eccentricities.  However  these  low 
eccentricity  values  are  characteristic  of  test  results. 
Measured  eccentricity  values  of  0.002  to  0.005  inches  were 
obtained  from  the  twelve-segment  bearing  (Figure  115) . 
Further  development  and  program  improvement  is  required 
for  the  journal  bearing  program  to  be  completely  opera- 
tional. It  is  expected  that  when  operational,  this  design 
tool  will  be  recognized  as  a major  advancement  in  predic- 
ting foil  bearing  performance. 


A maneuver  load  analysis  was  conducted  on  the  TJE331-1029 
engine  to  determine  foil  bearing  load  capacity  requirements  im- 
posed by  MIL-E-5007C  maneuvers.  Highest  load  capacity  requirement 
for  the  journal  bearings  is  16  psi,  due  to  a 3.5  radian/sec  yaw 
rate  maneuver,  combined  with  a 1 g vertical  load.  Highest  load 
capacity  requir^ent  for  the  thrust  bearing  is  37  psi,  due  to  a 


combination  of  simultaneous  maneuvers  which  include  10  g forward 


thrust,  2 g side  load,  +14  xad/sec  pitch  acceleration,  +6  rad/ 


sec  yaw  acceleration,  and  200  lb  torvard  aerodynamic  thrust. 


The  front  and  rear  bearing  journals  were  designed  to  minimize 
the  distortion  band  to  0.0006  inch  from  a true  cylindrical  shape. 
Even  though  centrifugal  growth  reduces  the  clearance  space  between 
the  journal  and  foil  bearing,  the  true  cylindrical  shape  of  the 
journal  is  maintained.  Both  journals  are  made  from  Inconel  718 
to  allow  potential  bearing  operating  temperatures  in  excess  of 
1000“F,  Structural  reliability  is  very  good  because  stresses  in 
the  journals  are  relatively  low. 


The  thrust  runner  was  designed  to  maintain  the  bearing  sur- 
face flat  within  a 0.0006  inch  band.  Unlike  the  journals  centri- 
fugal effects  will  not  cause  distortion  in  the  bearing  runners. 
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Additional  distortion  may  occur  due  to  temperature  differences  on 
the  funner  surfaces i The  thrust  runner  is  also  Inconel  718  to 
allow  for  high  temperature  operation.  Stresses  in  tHe  thrust 
runner  are  relatively  low. 

A rotor  dynamics  analysis  has  indicated  the  first  3 critical 
speeds  occur  at  4000  rpm,  8000  rpm,  and  52,000  rpm^  respectively, 
for  foil  bearing  spring  rates  of  10,000  Ib/in.  The  two  lower 
criticals  are  rigid  body  modes  that  increase  with  increasing 
bearing  spring  rates  but  the  third  mode  remains  insensitive  to 
bearing  spring  rates.  However,  even  at  spring  rates  of  75,000 
Ib/in,  a large  operating  window  exists  between  the  second  and 
third  criticals. 


A thermal  analysis  was  performed  on  both  the  thrust  and 
journal  foil  bearings.  An  existing  thermal  analysis  program  was 
used,  which  had  the  capability  of  analyzing  the  foil  bearing  with 
the  variable  characteristics  of  sway  space,  nvunber  of  foils,  power 
loss  within  the  bearing,  cooling  airflows,  and  material  character- 
istics. After  devising  a cooling  airflow  schematic  and  modeling 
the  bearing  characteristics  the  bearing  element  temperatures  were 
determined. 

Results  of  the  analysis  clearly  showed  trends  in  journal 
bearing  operating  temperatures  as  a result  of  changing  any  vari- 
able. Increasing  operating  altitude  conditions  resulted  in  higher 
indicated  bearing  temperature.  The  analysis  at  50,000  ft  alti- 
tude shows  bearing  temperatures  that  are  too  high,  but  until  act- 
ual foil  temperatures  are  measured  to  substantiate  the  analysis, 
the  figures  should  be  used  only  to  indicate  operating  temperature 
trends.  The  analysis  done  at  25,000  ft  altitude  indicates  a safe 
operating  condition  for  the  journal  foil  bearing. 

The  thrust  bearing  thermal  analysis  indicates  higher  opera- 
ting temperatures  than  the  journal  bearing,  mainly  because  of 
reduced  pressure  drop  across  the  bearing  available  for  effective 


cooling.  A sea  level  operating  condition  indicates  a thrust 
runner  operating  temperature  of  1000“F  under  a 370  lbs-  thrust 
load.  Since  this  analysis  was  completed,  the  rotor  aerodynamic 
thrust  load  has  been  reduced  to  200  lbs  by  thrust  piston  design 
techniques  within  the  engine. 

2 . 2 Ilaterials  Development 

Lubricative  and  wear  resistant  coatings  for  foil  bearings 
are  required  during  the  low  speed  range  prior  to  hydrodynamic 
separation  of  the  foil  and  shaft.  Therefore,  the  objective  of 
materials  development  activities  was  to  establish  appropriate 
bearing  surface  coatings  that  were  capable  of  performing  at 
120d“F  in  air.  In  addition  to  coatings,  it  was  necessary  to 
specify  alloys  for  substrates  (rotating  shafts  and  bearing  foils) 
that  were  compatible  with  coatings  and  capable  of  extended  ser- 
vice at  temperatures  to  1206°F.  Specific  material  development 
goals  were  as  follows: 

(a)  Identify  and  evaluate  candidate  foil  coating 
materials  for  temperature  capability  to  1200°F. 

(b)  Evaluate  foil  alloys  that  show  promise  of  minimum 
loss  in  strength  and  elastic  modulus  from  room 
temperature  through  the  maximum  operating  temper- 
ature (1200°F) . 

(c)  Select  appropriate  coatings  and  alloys  with  the 
best  combination  of  properties  for  operation  in 
bearing  test  rigs. 

(d)  Demonstrate  survivability  under  simulated  engine 
operating  conditions. 
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These  goals  were  accoinplished  in  a two-phase  effort;  the 
first,  a materials  screening  activity  to  select  candidate  alloys 
and  coatings,  and  the  second  involving  wear  rig  evaluations  of 
the  candidate  materials.  Upon  completion  of  these  activities, 
the  best  alloys  and  coatings  were  identified  and  appropriate  ma- 
terials selected  for  use  in  the  full  scale  thrust  and  journal 
bearing  rigs. 


Materials  screening  was  performed  by  subjecting  candidate 
alloys  and  coatings  to  a variety  of  metallurgical  examinations  to 
establish  strength  properties,  long  term  oxidation  resistance, 
coating  ductitility,  surface  finish  capability  and  coating  bond 
quality.  Inconel  718  was  selected  as  the  shaft  alloy  and  Inconel 
X-750  as  the  foil  alloy  for  wear  rig  evaluations.  Sixteen  coat- 
ings were  chosen  for  further  evaluation  in  wear  rig  tests. 


A materials  wear  test  rig  was  used  to  evaluate  coatings  for 
friction  and  wear  behavior  over  the  temperature  range  70°  - 1000°F 
(sliding  friction  would  account  for  an  additional  temperature  rise 
to  near  the  1200°F  objective)..  Coated  shafts  and  foils  were  sub- 
jected to  low  speed  (157  rpm,  constant  bearing  contact)  and  high 
speed  {>11,000  rpm,  foil  lift-off  attained)  shaft  rotating  tests 
at  several  temperatures  (room  to  1200°F) . Drag  torque  measure- 
ments indicated  relative  friction  behavior  between  coatings,  and 
visual  and  microscopic  evaluations  defined  relative  wear  char- 
acteristics. 


Based  on  these  evaluations  and  materials  screening  data  the 
following  materials  (in  order  of  preference)  were  established  for 
high  temperature  foil  bearing  components; 


Shaft  Alloys 

Foil  Alloys 

o 

Inconel  718 

o 

Inconel  X-750 

o 

Haynes  25 

o 

Inconel  718 

o 

Inconel  X-750 

o 

Haynes  25 

o 

446  Stainless  Steel 
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Shaft  or  Foil  Coatings 


o 

B4C 

o 

TiB2 

o 

Cr203 

o 

Tic 

o 

Kaman 

o 

NiCo 

o 

Triba: 

The 

above  1 

2^2 


compositions) 


all  were  practical  for  bearing  fabrication  due  to  lack  of  manu- 
facturing reliability  or  experience.  Therefore,  the  following 
coatings  were  selected  for  use  in  foil  bearing  rigs: 


Shaft  or  Runner 


Kaman  SCA 

Tribaloy-400  (oxidized) 
Haynes  25  (oxidized) 
NiCo  (oxidized) 


Foil  Coatings 


Kaman  DBS 
IJiCo 


Results  of  materials  development  work  also  indicated  the 
following; 


(a)  Conventional  bonded  carbide  coatings  did  not  perform 
adequately  in  oxidation  resistance  or  frictional 
characteristics . 


(b)  High  cobalt-containing  materials  (Haynes  25,  Tribaloy- 
400  and  NiCo)  performed  well,  generally  when  surface 
oxide  layers  were  present  (pre-heat  treated  to  form 
oxide  or  used  at  temperatures  above  800®F) . 
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(c)  The  use  of  a gold  overplate  on  several  coatings  pro- 
vided only  moderate  decreases  in  friction  and  was 
not  necessarily  helpful  on  rotating  parts  (dependent 
upon  the  substrate  coating) . 


1 
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(d)  The  baseline  Teflon-S  coating  displayed  a friction  I 

coefficient  near  the  middle  of  coatings  evaluated, 

indicating  most  of  the  coatings  evaluated  in  the  I 

program  were  capable  of  matching  Teflon  performance  ; 

in  this  respect  over  a wide  temperature  range  \ 

(70-1200°F) . None  of  the  program  coatings  were,  ) 

-a 

however,  able  to  approach  the  durability  arid  wear  | 

resistance  of  the  Teflon  at  room  temperature.  I 

* b 
A 

> '4 

(e)  Data  suggest  placement  of  the  metallic  or  softer  ^ = 

: I 

coatings  on  rotating  components  and  hard  coatxngs  i 

on  stationary  components.  - ; 


Future  improvements  in  application  processes,  thickness,  - \ 

ease  of  repair,  and  reliability  will  encourage  the  use  of  other  ■ 1 

; £ 

promising  coatings  such  as  B^C,  TiB2/  Cr202/  TiC,  Si^N^  and  ; \ 

(Ba,Ca)F_  compositions.  | \ 

{ > 
I ; 

Host  of  the  above  coatings  are  acceptable  for  1200°F,  or  ^ : 

higher,  operation  and  all  are  capable  of  at  least  1000°F  oper-  ^ ; 

ation  for  extended  periods.  The  possibilities  for  singular  or  j 

multiple  combinations  of  these  coatings  is  extremely  encouraging  ' 1 

for  low  friction  and  wear  applications  both  at  room  and  elevated  ^ 

temperatures . ^ 

2.3  Bearing  Development  and  Testing  ; 

I 

Design  and  fabrication  of  baseline  bearings  and  suitable  | 

test  rigs  was  required  as  a preliminary  to  bearing  development.  | 

Baseline  thrust  and  journal  bearing  designs  were  based  on  the  J 
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successful  DC-10  environmental  control  system  (ECS)  cooling  tur- 
bine foil  bearings.  The  bearings  were  scaled  to  the  required 
size  and  then  adjusted  by  known  empirical  parameters  and  exper- 
ience judgements. 


Separate  thrust  and  journal  bearing  development  test  rigs 
were  designed  and  fabricated  for  full  size  bearing  development. 
The  rigs  were  designed  to  perform  all  test  conditions  required 
by  the  test  plan. 


The  thrust  bearing  baseline  design  was  tested  to  a capacity 
limit  of  15  psi#  which  is  25  percent  higher  than  estimated.  Bear- 
ing capacity  improvement  followed  the  dual  spring  concept,  which 
evolved  from  the  eiasto-hydrodynamic  analysis.  Although  fabri- 
cation and  testing  this  concept  failed  to  prove  its  validity,  the 
elasticity  requirement  of  the  analysis  was  attained,  using  par- 
tial pad  stiffeners.  Thrust  bearing  capacity  was  increased  to 
27.5  psi  at  a steady-state  condition.  Since  these  high  bearing 
capacities  are  only  required  for  short  term  transient  maneuvers, 
the  bearing  was  tested  by  incrementally  increasing  the  load  for 
short  durations.  This  technique  permitted/ the  bearing  to  carry 
33.8  psi  before  failure,  which  is  91  percent  of  the  37.2  psi 
goal.  Cause  of  failure  at  this  limit  was  not  found  to  be  a bear- 
ing capacity  limit  but  a yielding  of  the  pad  spring.  Stress  cal- 
culations of  the  spring  indicated  possible  yielding  at  this  load 
level.  Design,  fabrication,  and  testing  of  a spring  to  solve  the 
problem  earlier  in  the  program  resulted  in  other  problems  with 
the  spring.  Further  effort  is  required  in  this  area  before  100 
percent  of  the  goal  can  be  achieved. 


Journal  bearing  development  on  the  test  rig  presented  a 
problem  that  initially  was  not  understood.  Test  rig  operation 
could  not  exceed  80  percent  of  design  speed  without  bearing  fail- 
ure, regardless  of  the  bearing  configuration  installed  in  the 
test  rig.  Extensive  instrumentation  of  the  rig  revealed  that 
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the  test  shaft  was  bending  up  to  0.012  inch.  The  first  bending 
critical  speed  of  the  shaft  was  calculated  to  be  43,999  rpm,  but 
severe  bending  was  experienced  at  25^000  rpin.  Shortening  the 
shaft  6 inches  increased  the  bending  critical  speed  sufficiently 
to  permit  operation  to  34,000  rpm  with  a minimum  of  shaft  bend- 
ing. All  testing  to  this  point  indicated  that  the  12-segment 
journal  foil  was  the  most  stable  operating  bearing,  therefore 
the  most  development  time  was  spent  on  that  configuration.  The 
highest  demonstrated  load  capacity  was  6.5  psi  at  33,000  rpm, 
while  a modification  to  that  bearing  developed  an  extrapolated 
(for  speed  correction)  load  capacity  of  7.1  psi.  A further 
extrapolation  for  operation  at  engine  operating  pressure  shows  a 
capacity  of  8.6  psi,  which  is  only  50  percent  of  goal.  However, 
since  loM  capacity  can  be  increased  with  fewer  bearing  segments, 
a ten-segment  bearing  was  designed  and  fabricated  to  get  closer 
to  the  load  capacity  goal.  This  configuration  also  was  fabrica- 
ted of  materials  and  coatin'gs  for  the  high  temperature  test.  As 
tested,  this  configuration  appeared  very  sensitive  to  the  back- 
ward precession  mode  of  shaft  whirl  and  the  operational  speed 
had  to  be  limited  to  22,000  rpm.  In  spite  of  this  limitation  the 
bearing  was  subjected  to  operation  at  engine  operating  cooling 
air  temperatures  up  to  500°F.  Also,  50  starts  and  stops  were 
successfully  accomplished,  for  the  purpose  of  evaluating  the 
selected  coating  in  a high  temperature  environment.  The  test 
showed  the  high  temperature  coating  could  meet  program  require- 
ments but  had  a peculiar  characteristic  of  varying  break-away 
torque,  which  should  be  investigated  in  future  programs.  The 
Kaman  DBS  foil  coating  (Cr202)  and  the  Tribaloy-400  (Cobalt  base 
wear  alloy)  are  compatible  coatings  acceptable  for  journal  bear- 
ing operation  to  1200°F. 


SECTION  III 


DISCUSSION 


3.1  Engine  Characteristics 


The  ETJ341-P1  engine  was  selected  as  the  vehicle  for  the 
application  of  foil  bearings.  Specific  advantages  achieved  by 
selecting  this  turbomachine  are  as  follows: 


(a) 


The  selected  configuration  is  a high  technology 
turbomachine/  representative  of  that  required  for 
future  remotely  piloted  vehicle  (RPV)  applications. 
Also/  the  final  demonstration  of  the  bearing  system 
in  the  turbomachine  would  provide  a firm  basis  for 
a near-term  flight  test  of  the  same  machine  in  sev- 
eral potential  flight  test  vehicles. 


(b)  The  selected  turbomachine  has  an  excellent  opera- 
tional and  production  potential.  Factors  that  sup- 
port this  are: 


The  selected  turbomachine  is  of  an  advanced 


technology  design.  Low-cost  engine  design 

1 


studies,  performed  by  AiResearch  under  con- 
tract to  the  Air  Force,  showed  that  turbo- 
machinery design  configurations  similar  to 
that  proposed  for  use  in  this  program,  will 
be  required  for  future  applications,  i.e., 
all-axial  aerodynamic  components. 


The  turbine  inlet  temperatures  are  represen- 
tative of  the  state  of  the  art  (1700®  to 
1900®F)  for  this  type  of  application. 


^Six,  L.D.,  F.W.  Lewis,  and  C.S.  Stone,  Low  Cost,  Limited  Life 
Turbine  Engine  Analysis,  AFAPL-TR-71-102,  January  19,  1972 
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Although  the  technology  level  of  this  engine  is 
high/  relative  program  and  production  costs  are 


(c)  The  selected  turbomachine  has  a low  rotor  weight  and 
inertia  (I  ) , with  a relatively  long  bearing  span/ 

ir 

which  results  in  moderate  maneuver  bearing  loads. 


(d)  The  selected  turbomachine  has  simple  structural 
design/  which  allows  easy  removal  of  bearings  for 
inspection  or  replacement  and  provides  access  to 
bearing  instrumentation 

Ce)  The  rotating  group  provides  flexibility  with  regard 
to  bearing  placement / i . e . / inboard  or  outboard  of 
the  aerodynamic  components. 

Cf)  The  potential  of  variable  bearing  span  allows  for 
minimizing  misalignment  and  deleterious  thermal 
conditions. 


(g)  The  rotor  weight/  unbalanced  rotor  forces/  and  g 
loadings  permit  minimizing  load  per  unit  area 
requirements . 

(h)  The  bearing  size  permits  accurate  measurement  of 
all  bearing  performance  criteria  as  related  to 
configuration/  materials/  details  of  geometry/ 
environment  and-  control  thereof/  as  a function 
of  test  condition. 


Ci)  The  high  temperature  imposed  on  the  hot  end  of 

the  rotating  group  allows  for  a step-by-step  exam- 
ination of  the  many  effects  of  high  temperature/ 
including  bearing  performance/  materials/  life/ 
thermal  gradients/  and  soakback  during  shutdown. 


3.1.1  Power  Section 


To  adapt  the  ETJ341-P1  for  use  as  the  foil  bearing  demon- 
strator required  modification  of  the  rotor  assembly  interface 
and  tie-bolt  arrangement  to  minimize  bearing  surface  distortion* 
This  distortion  can  result  from  centrifugal  loading,  tie-bolt 
clamping  force,  and  temperature  gradients.  As  a result,  the 
following  features  were  incorporated,  as  shown  in  Drawing 
L3621113. 

o The  rotor  cXcimping  load  path  does  not  include  the 
bearing  journals. 

o Center  supported  journals, 

o Journals  supported  with  thermally  compliant  t\abular 

shaft  member. 

o Tapered  drum  journal  design  to  provide  imiform  centri- 
fugal growth. 

o Curvic  couplings  to  ensure  excellent  concentricity 
and  normality  of  all  rotating  elements,  especially 
the  bearing  surfaces. 

labile  accomplishing  these  modifications,  it  was  possible  to 
retain,  unchanged,  the  outer  shell  of  the  engine,  compressor  and 
turbine  aerodynamic  blading,  combustor,  and  inner  and  outer  tail- 
cones. The  last  three  compressor  disks  were  xinchanged,  and  the 
turbine  wheel  was  machined  from  the  same  casting  as  the  ETJ341-P1, 
The  first  two  compressor  disks  were  modified  to  adapt  to  the  new 
tie-bolt/bearing  system. 

The  modified  engine  was  reidentified  as  the  TJE331-1029. 
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3.1.2  Performance 

To  make  the  life  of  the  ETJ341-P1  baseline  turbomachine 
more  compatible  with  overall  program  goals,  the  rated  thrust 
was  reduced  from  800  lb  to  700  lb.  This  change  extended  engine 
life  from  0.7  hours  to  more  than  50  hours. 

A complete  cycle  analysis  on  the  TJE331-1029  was  performed 
for  various  altitudes,  vehicle  air  speeds,  and  standard  day  vari- 
ations. The  analysis  resulted  in  a listing  of  the  air  pressures 
and  temperatures  of  each  bearing  inlet  and  the  pressure  of  the 
cavity  into  which  the  cooling  air  is  dumped.  The  added  tempera- 
ture rise  of  the  cooling  air  as  a result  of  the  bearing  power 
loss  was  then  calculated,  arriving  at  the  conditions  listed  in 
Tables  2 and  3.  The  conditions  of  bearing  cooling  air  were  then 
used  as  a basis  for  the  thermal  analysis  reported  in  Paragraph 
3.1.8. 

3.1.3  Maneuver  Load  Analysis 

The  MIL-E-5007C  Specification  flight  maneuver  load  diagrams 
are  shown  in  Figure  4.  Bearing  loads  were  calculated  for  maneu- 
vers defined  by  each  corner  of  the  diagram  and  labeled  for  easy 
reference  to  Table  4.  Table  4 lists  the  average  bearing  load 
capacity  required  of  the  bearing  by  the  maneuver  condition.  Only 
the  ten  most  highly  loaded  conditions  are  reported. 

In  addition  to  the  diagrams,  MIL-E-5007C  indicates  the  rotor 
bearings  must  be  capable  of  carrying  a 3.5  rad/sec  yaw  rate  com- 
bined with  a 1 (g)  vertical  load.  This  is  the  highest  maneuver 
load  condition  imposed  on  the  journal  bearings.  The  journal  bear- 
ings must  generate  an  average  load  capacity  of  16  psi  to  survive 
this  maneuver.  The  most  severe  load  condition  for  the  thrust  bear- 
ing is  case  number  35,  Figure  4,  which  may  occur  from  an  arrested 
landing.  These  specified  maneuvers  and  an  additional  200  lb  aero- 
dynamic thrust  require  a thrust  bearing  load  capacity  of  37  psi. 


nj  o • 

in 

fO 

fO 

r* 

r^ 

Q o o 

VO 

in 

VO 

r> 

in 

r> 

o 

• 

VO 

ft 

o 

ft 

VO 

ft 

o 

ft 

VO 

ft 

O 

ft 

O 

•P  «•  II 

fH 

VO 

in 

o 

iH 

VO 

VO 

o 

H 

VO 

6 

o 

•H 

O 

O o _ 
a in  s 

rH 

<n 

CO 

rH 

m 

00 

rH 

fO 

iH 

00 

H 

00 

>1  00 
mo* 

Q O O 

17 

18 

23 

53 

92 

47 

ft 

w 

w 

o 

ft 

in 

ft 

ft 

in 

ft 

O 

ft 

in 

ft 

in 

ft 

fO 

0 

13  ••  II 

'S' 

o 

ro 

o 

CO 

a\ 

fO 

o 

o 

OV 

m 

V in 
M <N  s 

CM 

(M 

in 

VO 

01 

Day 

ic 

fO 

86 

ro 

CO 

a\ 

41 

29 

C 

•H 

ft 

M 

ft 

ft 

CM 

ft 

o 

ft 

M 

ft 

in 

• 

fO 

Id 

• \ Id 

in 

00 

ro 

in 

rg 

to 

VO 

ni 

Oi 

0) 

Std 

S 

St 

ro 

VO 

'CJ* 

VO 

VO 

in 

VO 

T5 

nj  • 

r-( 

CM 

Q *4  o 

•3* 

o 

VO 

OV 

CM 

r* 

c 

\ 

ft 

ft 

m 

ft 

ft 

00 

ft 

•M* 

ft 

cn 

ft 

CO 

(d 

■p  w n 

eg 

VO 

in 

CM 

VO 

fO 

VO 

CM 

VO 

00 

o\ 

rH 

in 

0 - 

00 

in 

CO 

in 

in 

00 

m 

r** 

VO 

CO 

c 

CQ 

H 

M 

H 

>1 

O 

(d  00 

2 

r-'i 

a • 

iJ  o 

*«• 

VO 

VO 

in 

r* 

0)  o 

CV 

rH 

CO 

r> 

CM 

cn 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

Id  o 

o 

CM 

cv 

VO 

rH 

M 

CM 

iH 

o 

CM 

CM 

o 

ov 

£ 

rH 

in 

rH 

ro 

VO 

rH 

r> 

O 

O 

o 

•H  0 

rH 

CO 

*H 

m 

rH 

cn 

rH 

rH 

■P  U 

V 

o 

CO  3 

Q> 

0) 

•k 

0 0) 

(0 

(1) 

M H 

c 

♦H 

•H 

0 

3,0 

0 

CO 

to 

•H 

»0 

P 

•H 

1 

P 

to 

•H 

3 rH 

P 

Id 

P 

P 

CO 

M 3 

•H 

Id 

Id 

•H 

Id 

3 

3 

M 

<U  0 

73 

Id 

•H 

•H 

CO 

»H 

0 

0 

Id 

M 

CM  CO 

C 

*H 

CO 

CO 

CM 

Pm 

CO 

M 

M 

ID 

Id 

g 

0 

CO 

a 

Oi 

0 

a 

Pm 

P 

i« 

M 

0) 

o jq 

O 

a 

Pm 

Pm 

Pm 

«k 

0 

M 

p p 

o «> 

o 

o 

ft 

% 

3 

dr» 

«. 

ft 

ft 

CO 

ft 

ft 

CO 

ft 

to 

V 

P -H 

c 

ft 

% CO 

V 

CO 

10 

CM 

to 

ft 

to 

Oi 

CO 

a 

d)  M 

•H 

CO 

« CO 

a 

CO 

Oi 

<u 

g 

10 

CM 

0 

g 

0 

g 

H >1 

P 

CO 

a 0 

g 

0) 

g 

M 

0) 

0> 

g 

M 

0) 

M 

0) 

P .0 

.T3 

CD 

g u 

a> 

M 

Q) 

CM 

P 

M 

0) 

a 

P 

a 

p 

3 3 

M 

U 

0)  a 

p 

a 

P 

CM 

P 

0 H 

<U 

a 

p 

P 

P 

p 

P 

p 

p 

Oi 

p 

p 

p 

P 

0) 

0) 

P 

P 

0) 

O 

0 

fH  fH 

o 

p 

P o> 

o 

0 

0) 

rH 

fH 

0) 

0 

iH 

•H 

rH 

fH  rH 

0) 

0)  rH 

rH 

iH 

rH 

P 

P 

iH 

H 

p 

P 

P 

P 

4 < 

0 

rH 

rH  P 

P 

c 

c 

3 

3 

C 

C 

3 

3 

3 

3 

c 

c 

C 2- 

D 

H 

W 

O 

O 

H 

H 

O 

O 

O 

O 

•H 

H 

H O 

O 

ft  ft 

Di 

rH  nt 

C 

u 

rH 

o* 

iH 

O' 

0» 

Id 

c 

Id 

a 

d)  P 

3 

•ft 

P c 

•H 

c 

•H 

iH  CO 

•H 

to 

C M rH 

M 

M M rH 

M 

•a  3 i-i 

M 

P4 

0 

Id 

Id  3 

•H 

Id 

■a 

•H 

3 

MOO 

<u 

0)  0 

0 

0) 

•H  45  0 0) 

O 

Pm  Pm  ffl 

K »0  PM  CO 

>1  C\ 

(d  o • 

Q O O 

VO 

n 

m 

in 

VO 

m 

O 

VO 

VO 

VO 

o 

m 

CO 

•P  II 

• 

VO 

• 

o 

• 

VO 

* 

o 

• 

VO 

• 

o 

* 

b 

0 o 

H 

VO 

o 

H 

*o 

o 

H 

VO 

o 

o 

o 

sms 

H 

<n 

00 

H 

m 

00 

H 

rn 

H 

00 

H 

00 

0) 

M 

a 

(U 

•H 

S 

XI 

0 

M 

ft 

3 

>1  - in 

4J 

(d  o 00 

'0 

a o « 
o O 

O' 

f>j 

(1) 

4J 

• 

o 

o 

00 

in 

H 

s 

ft 

•a  m II 

* 

in 

• 

in 

• 

m 

• 

in 

• 

in 

• 

* 

b 

Q) 

P M 

o 

in 

o 

b 

o 

n 

o 

o 

o 

ro 

H 

to 

0 

V)  S 

<n 

00 

n 

00 

-sj* 

VO 

tN 

to 

X 

ro 

s 


>1 

(d 


Q -H 
►4  P 
• \ fl 

.74 

M 

O 

• 

O' 

VO 

CNJ 

H 

eg 

• 

O' 

rv 

• 

rg 

to 

* 

O' 

.58 

13  W P 

CO 

in 

m 

o 

CO 

in 

o 

(M 

in 

VO 

71 

P W 
U 

tN 

in 

r*» 

in 

VO 

VO 

in 

>1  00 

Id  • 

Q o 

4J  W II 
X X 


CO 


>1 
<d 
Q 
- o 

H W II 
O 

o S 


c 

o 

4J 

•H 

'O 

c 

0 

u 

c 

•H 

4J 

«TJ 

u 

o 

a 

o 

0) 

c 

C 

H 


iO 


tN  u> 

00  00 

♦ ^ ♦CM 
<S  VO  H O 
00  in  VO  00 


10 


n 


H CN  5T  M 

R <n  00  00 

H <n 


f-i  O' 

. «J  c 

4J  C «H 
C V4  H k 
O 0-H  «5 
M O 0 0) 
^3  b ffl 


VO 

00 

* 

tn 

• 

r* 

.33 

5J* 

CO 

eg 

• 

CO 

cn 

• 

cn 

eg 

VO 

VO 

CM 

VO 

00 

O' 

H 

r> 

00 

in 

00 

in 

r* 

VO 

CO 

in 

m 

H 

in 

« 

• 

• 

• 

• 

H 

eg 

VO 

VO 

o 

eg 

CM 

eg 

CO 

in 

H 

n 

VO 

H 

cn 

O 

o 

o 

H 

m 

H 

CO 

H 

H 

•O' 

td 

(d 

H 

« 

fd 

•H 

d) 

a 

H 

0) 

Fh 

a 

o 

d) 

a 

0 

a 

Ui 

0 

u 

. 

% 

0) 

• 

0) 

a 

0) 

% 

0) 

& 

d) 

s 

d) 

04 

d) 

p 

d> 

d) 

f 

p 

d) 

0* 

p 

p 

d) 

0| 

a 

41 

41 

p 

4J 

41 

d) 

d) 

41 

4> 

d) 

d) 

H 

H 

d) 

d) 

H 

H 

41 

p 

H 

H 

c 

C 

0 

3 

C 

C 

w 

H 

o 

O 

H 

H 

td 

•H 

(0  « 
0<  h 


V)  ^ 
U)  JX 
0)  B 
V4  0) 
a 4J 

■P  4J 

0)  o 


•p 

o 


H O' 

(d  c 

C *H 
P PH  p 
rd  9-H  td 
0)  O O 0) 
b &i  m 


rd 

H 

m ’tt 
04  h 


*d 

•H 

(0 

a b 


0) 

V 

H 

(0 

i. 

c 

o 

IM 


n 

»■  01 
0<  d) 


■P  4J 
0)  d) 


l-< 

c 

H 


p 

a 

41 

d) 

rH 

p 

0 

o 


01  V 

0)  a 
d)  e 

>4  d) 

a p 

p p 
d)  d) 
<H  «-l 
p p 
3 3 

o o 


. O' 

d)  P c 

HO)  -H 
2 3 H P 
•O  P -H  fl 

•p  X o d) 

X E4  a « 


<0 

c 

o 

T3 

0) 

to 

nj 

A 

tJ 

0) 

+) 

(0 

S 

•H 

(0 

0) 

0) 

Vl 

0)  • 
> w 

l3i 

to  a 

0)  -H 
V4  U 
3 (0 
+>  0) 


O H 

* 


to 

w 


to 

(U 

Xi 

o 

a 

•H 

n 

o 

o 


0) 

u 

la  • 
to 
to  0) 
0)  .r: 
o o 
c c 

<0  -rl 

n 

10  oo 
(1)  o 

rH  O 

O • 

O 

H 

(0  to 

0)  -H 

to 


3 XI 

X! 

XJ  o 

(d 

0)  0) 

4J  -H 

H 

ftx; 

C X5 

to 

04 

•K 

e 4J 
0) 

a 

4J  U 

>irH 

d) 

0 

X)  3 

d> 

+1  m 

ns  0) 

•P 

to 

'0 

•rl 

o> 

Hi  to 

1 

to 

H w 

p 

(d 

1 

p 

■P  to 
3 O 

H T3 
1-1  a 

0) 


CM 


24 


TABLE  4 

REQUIRED  UNIT  LOAD  CAPACITY  AND  CALCULATED  DEFLECTIONS  OF  FOIL 
BEARINGS  WHEN  SUBJECTED  TO  MfL-E-5007C  CASE 
LOADS  FROM  FIGURE  4. 


compressor  Journal 
Bearing 


Turbine  Journal 
Bearina 


Thrust  Bearing 


Case  Load  Deflection 
From  X-Forrfard 

MIL-E-5007C  Y-Side 
Figure  4 Z-Down 


Deflection  Deflection  Peak 

Unit  X-Forward  Unit  X-Forv^ard  . Unit 

Loading  Y-Side  Loading  Y-Side  Loading 
psi  Z-Down  psi  Z-Down  psi 


3.5  rad/ 
sec  and 
1-g  down 

0.006 

0.000 

0.011 

16.37 

0.006 

0.000 

-0.010 

14.48 

0.006 

0.000 

-0.005 

11 

0.002 

-0.007 

0.001 

6.22 

0.002 

0.010 

0.001 

13.72 

0.002 

0.006 

0.001 

12 

0.002 

-0.007 

0,004 

7.34 

0.002 

0.009 

0.005 

15.54 

0.002 

0.006 

0.005 

14 

0.007 

0.001 

0.008 

6.59 

0.007 

0.001 

•0.010 

12a32 

0.007 

0.001 

0.009 

15 

0.007 

-0.007 

0.004 

7.34 

0.007 

0.009 

0.005 

15.54 

0.007 

0.006 

0.005 

16 

0.009 

-0.007 

0.001 

6.22 

0.009 

0.010 

0.001 

13.72 

0.009 

0.006 

0.001 

17 

0,009 

-0.007 

-0.001 

6.22 

0.009 

0.010 

-0.001 

13.72 

0.009 

0.006 

-0.001 

33 

0.004 

0,002 

0,008 

6.65 

0.004 

0.002 

0.010 

12.43 

0.004 

0.002 

0.009 

34 

0.007 

0.002 

0.008 

6.65 

0.007 

0.002 

0.010 

12.43 

0.007 

0.002 

0.009 

35 

0,011 

0.002 

0.003 

2.40 

0.011 

0.003 

0.005 

4.36 

0.011 

0.003 

0.005 

36 

0.011 

0.002 

-0.001 

1.49 

0,011 

C.004 

-0.002 

2.70 

0.011 

0.003 

-0.002 

18.43 


17.28 


16.93 


■ 
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It  is  apparent  that  the  maneuver  loads  imposed  on  the  thrust  ; j 

and  journal  bearings  are  of  a transient,  not  steady-state,  nature.  1 

5l 

-% 

This  parameter  is  important  to  realistic  bearing  design  and  j * 
development  because  the  short  term  load  capacity  of  foil  (or  j | 
other)  bearings  is  greater  than  the  long  term  capacity.  | 1 

i 

1 

1 3.1.4  Thrust  Bearing  Runner  Stress  Analysis  | = 

s 

M 

The  thrust  bearing  runner  was  analyzed  to  investigate  dis-  | 

I 

j tortion  and  stress  resulting  from  loads  imposed  by  MIL-E-5007C  | 

’ maneuvers.  The  most  severe  load  specified  for  the  thrust  bearing  I i 

1 

(case  35  in  Figure  4)  results  from  a combination  of  maneuvers  | ] 

listed  for  case  35  and  200  lb  forward  aerodynamic  thrust  on  the  i j 

-'S 

t rotor. 

^ ! Inconel  718  was  the  material  selected  for  the  runner  because  1 

; its  high  temperature  capability  would  allow  potential  bearing  tern-  = 

I peratures  beyond  1000®F. 

1 

1 

i 

*^*^* 

1 

S 

H^p-.  f Results  of  the  thrust  runner  displacement  analysis,  when  sub-  | i 

*t  jected  to  maximum  axial  bearing  loads  and  centrifugal  effects  at  | ' 

i 33,000  rpm,  are  shown  in  Figure  5.  Total  maximum  axial  distor-  | 

tion  (excluding  axial  displacement)  is  0.00052  inch.  This  distor-  | 

tion  must  be  compensated  by  the  bearings  compliancy  to  maintain  | 

1 

1 

s 

full  load  capacity  when  it  is  most  needed.  The  equivalent  stress  | , 

distribution  also  is  presented  in  Figure  5.  Equivalent  stress  is  4 

calculated  using  distortion  energy  theory  of  failure.  Stresses  1 

are  sufficiently  low  in  the  bore  to  allow  an  excess  of  10^  starts  | 

at  1000“F.  Stresses  in  the  runner  just  under  the  pressure  equal-  | ; 

ization  holes,  reach  60  ksi.  At  1000“F  0.1%  creep  life  is  calcul-  |' 

ated  to  be  greater  than  2 X 10^  hrs.  With  these  large  safety  1; 

H 

•i 

I 

factors  on  life  from  a fatigue  and  creep  consideration,  no  prob-  = 
lems  are  anticipated  with  the  structural  integrity  of  the  thrust  1 
runner. 

'p 

1 

’ 27  ^ 

THRUST  RUNNER  RADIUS 
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I 

I 
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A stress  and  deflection  analysis  was  conducted  on  the  rear 
bearing  journal  of  the  TJE331-1029.  Deflections  were  calculated 
for  an  axial  tie-bolt  load  in  combination  with  centrifugal  ef- 
fects. No  temperature  effects  were  included  in  the  analysis,  as 
this  analysis  was  performed  concurrently  with  the  thermal  anal- 
ysis. A review  of  the  thermal  condition  indicated  no  further 
analysis  was  necessary  as  thermal  gradients  were  not  expected  to 
contribute  to  significant  distortion  of  the  journals. 


7B 


The  calculated  distortion  of  the  bearing  journal  is  shown 
in  Figure  6.  The  two  cases  shewn  include  (1)  centrifugal  effects 
alone,  and  (2)  centrifugal  effects  in  combination  with  the  tie- 
belt  load.  Since  the  tie-bolt  load  is  taken  through  the  journal, 
a wave-like  distortion  results,  as  shown.  The  radial  displace- 
ment at  the  center  of  the  runner  is  reduced  because  of  the  attach- 
ment of  the  tie-bolt  bumper.  This  bumper  has  a cylindrical  sec- 
tion to  minimize  the  effect  of  restraining  radial  deflection, 
and  hence  reduce  distortion  of  the  journal  surface.  The  remaining 
two  "dips”  in  the  surface  displacement  result  from  journal  attach- 
ment to  the  rotor,  again  reducing  radial  displacement  at  these 
locations.  The  two  hoops  at  the  ends  of  the  journal  inhibit  end 
displacement  and  maintain  total  distortion  of  the  journal  surface 
within  a 0.0006  inch  band.  Average  radial  displacement  is  ap- 
proximately 3 mils. 


Figure  7 shows  magnified  displacement  characteristics  and 
an  isopleth  of  tangential  stresses  for  the  rear  bearing  journal 
at  33,000  rpm  and  25,000  lb  tie-bolt  load.  The  analysis  was  con- 
ducted for  a uniform  70”F  temperature. 


Peak  tangential  stresses  in  the  journal  hub  at  the  turbine 
end  reach  120  ksi  in  compression.  This  stress  is  highly  local- 
ized and  does  not  undergo  extensive  cycle  duty  since  it  is  caused 
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primarily  by  the  tie-bolt  load.  Axial  and  radial  stresses  were 
low  relative  to  the  tangential  stresses.  Hence  the  equivalent 
stresses  closely  follow  tangential  stresses. 


Since  peak  stresses  are  substantially  below  the  148,000  psi 
yield  strength  of  Inconel  718  at  1000°F,  no  problems  are  antici- 
pated with  operation  of  the  rear  bearing  journal. 


3.1.6  Forward  Journal  Bearing  Runner  Stress  and  Deflection 
Analysis 

An  analysis  similar  to  the  one  conducted  on  the  rear  bearing 
journal  was  conducted  on  the  forward  journal.  The  journal  was 
designed  to  be  as  free  as  possible  from  influence  from  the  rotor. 
This  is  accomplished  by  the  long  thin  cylinder  that  attaches  the 
journal  to  the  main  rotor  and  isolates  the  journal  from  thermal 
and  centrifugal  deflections  that  may  occur  in  the  rotor.  With 
this  isolation,  the  journal  can  rotate  like  a free  body,  unaf- 
fected by  rotor  behavior. 

The  calculated  displacement  of  the  journal  surface,  which 
contacts  the  foils  of  the  air  bearing,  is  shown  in  Figure  8. 

This  displacement,  which  amounts  to  about  3 mils  radially,  re- 
sults from  centrifugal  effects.  Effects  due  to  a temperature 
profile  are  not  included.  The  decreased  displacement  at  the 
center  is  a result  of  attachment  between  the  journal  and  rotor. 
The  ring  required  for  attachment  inhibits  radial  growth.  Centri- 
fugal effects  tend  to  cause  the  ends  of  the  journal  to  flower  but 
small  hoops  at  the  ends  of  the  journal  restrain  radial  deflection 
and  force  the  journal  surface  to  remain  within  an  0.0006  inch  dis- 
tortion band.  Unlike  the  rear  journal,  the  forward  journal  does 
not  carry  the  tie-bolt  load. 

Figure  9 shows  a magnified  displacement  curve  and  the  tan- 
gential stress  distribution  for  the  journal.  Both  radial  and 
axial  stresses  were  presented.  As  with  the  rear  journal  bearing. 
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equivalent  stresses  closely  follow  tangential  stresses.  To  ac- 
commodate potentially  high  temperature  operation  for  this  bearing. 
Inconel  718  was  also  chosen  as  the  runner  material.  Stresses  are 
low  in  relation  to  the  strength  of  Inconel  718  and  no  problems 
with  journal  structural  integrity  are  anticipated  with  this 
design. 

3.1.7  Critical  Speed  Analysis 

A rotor  dynamics  analysis  was  conducted  for  the  foil  bearing 
engine.  The  analysis  was  conducted  using  engine  rotor  properties 
listed  in  Table  5. 


Critical  speed  characteristics  of  the  engine  are  shown  in 
Figure  10.  In  an  effort  to  cover  a wide  range  of  foil  bearing 
designs,  critical  speeds  are  shown  as  a function  of  spring  rate. 

A large  operating  window  between  the  rigid  body  critical s and  the 
bending  critical  indicates  the  engine  can  be  operated  success- 
fully regardless  of  the  bearing  spring  rates.  Results  of  bearing 
tests  indicate  journal  bearing  spring  rates  near  10,000  Ib/in. 
Hence  the  first  three  critical  speeds  are  anticipated  to  be  at 
4000,  8000,  and  52,000  rpm  respectively. 

Figure  11  shows  normal  mode  shapes  of  the  first  four  critical 
speeds  for  journal  bearing  spring  rates  of  75,000  Ib/in.  Little 
difference  in  mode  shapes  are  anticipated  with  spring  rate  reduc- 
tions to  10,000  Ib/in.  The  first  two  critical  speeds  are  rigid 
body  modes  with  little  main  rotor  bending.  The  third  plot  shows 
tie-bolt  excursion  and  slight  bending  of  the  main  rotor.  The 
major  bending  critical  is  the  fourth  plot  which  shows  major  main 
rotor  bending  but  retains  the  high  tie-bolt  excursions.  The  tie- 
bolt  excitation  could  be  stopped  with  the  addition  of  an  extra 
tie-bolt  bumper.  However,  the  excitation  occurs  sufficiently 
beyond  operating  speeds  that  the  design  is  considered  safe. 


TABLE  5 


TJE3 31-102 9 ROTOR/BEARING  CHARACTERISTICS 


Rotor  Material 

Rotor  Weight 

Polar  Moment  of  Inertia 

Thrust  Bearing  Outer 
Diameter 

Thrust  Bearing  Inner 
Diameter 

Thrust  Bearing  Projected 
Area 

Journal  Bearing  Diameter 

Journal  Bearing  Length 

Journal  Bearing  Projected 
Area 


Inconel  718 

50.5 

LB 

0.776 

IN. -LB-SEC 

6.15 

IN. 

3.50 

IN. 

20.09 

IN.^ 

4.5  IN. 

6.0  IN. 

27.0 

IN.  2 

21.0 

IN. 

Journal  Bearing  Span 


Si 


Kf  ' 


3.1.8  Thermal  Analysis 


Bearing  cooling  is  important  in  gas-lubricated  foil  bearings 
to  keep  the  foil  base  metal  and  coating  from  exceeding  its  oper- 
ating temperature  limit  because  of  self-generated  heat  (power 
loss) . The  cooling  scheme  utilized  in  this  program  passes  com- 
pressor discharge  air  directly  over  the  foils  by  imposing  a pres- 
sure difference  across  the  bearing.  In  general,  cooling  air  flow 
is  controlled  by  orifices  and  seals  in  the  overall  cooling  circuit 
so  that  internal  details  of  the  bearing  design  are  somewhat  in- 
dependent of  cooling  requirements. 


Detailed  heat  transfer  analysis  was  performed  on  both  thrust 
and  journal  bearings.  Steady-state  temperature  solutions  are 
reported  herein  for  the  two  bearings  in  baseline  configurations. 
Analytical  models  of  each  bearing  were  constructed  and  solved 
using  the  general  thermal  analyzer  code  developed  at  AiResearch 
over  the  years.  The  code  uses  a finite  difference  model  and  a 
solution  technique  of  relaxation  over  multiple  iterations.  It 
is  capable  of  three-dimensional  conduction,  convection,  and  radi- 
ation as  well  as  internal  heat  soiarces  and  cooling  flow  circuitry. 


It  was  found  early  in  the  modeling  of  the  bearings  that  the 
amoxint  of  thermal  data  (number  of  nodes)  required  for  three- 
dimensional  conduction  in  the  foils  made  it  difficult  to  accommo- 
date bearing  design  changes.  Therefore,  auxiliary  codes  were 
written  to  generate  thermal  model  input  data  automatically  for 
the  particular  types  of  bearings  involved.  With  these  additional 
tools,  it  is  relatively  easy  to  specify  various  geometry,  opera- 
ting conditions,  and  material  and  fluid  properties.  Design 
changes  are  made  by  specifying  recognizable  geometric  parameters 
such  as  foil  thickness,  number  of  foils,  sway  space,  etc.  instead 
of  an  entire  system  of  conduction  lengths  and  areas  as  used  by 
the  thermal  analyzer  code.  Specific  descriptions  of  the  two  foil 
bearing  thermal  models  are  given  in  Paragraphs  3. 1.8.1  and 
3. 1.8. 2. 

39 


m 


The  operating  condition  used  as  a reference  point  in  the 
thermal  analysis  is  "Hot  day.  Sea  level,  Mach  0.8".  This  is  one 
of  five  engine  operating  conditions  analyzed.  Having  defined  the 
pressures  and  temperatures  at  points  of  communication  with  the 
interior  (bearing  cavities,  rotor  cavities,  etc.),  a complete 
flow  circuit  model  of  the  internal  flow  system  was  set  up.  By 
a trial  and  error  process,  the  internal  flow  system  was  designed 
so  that  the  bearings  are  adequately  pressurized  on  both  inlet 
and  discharge  sides,  while  permitting  adequate  cooling  flow  to 
each,  based  on  expected  power  loss  and  cooling  effectiveness 
values.  This  process  determined  internal  orifice  sizes  and  seal 
locations.  Since  labyrinth  seal  clearances  are  never  exactly 
known,  results  were  obtained  for  both  minimum  and  maximum  ex- 
pected running  clearances.  The  results  are  tabulated  in  Table  2 
for  minimum  seal  clearances  (0.0003  in.  radial)  and  in  Table  3 
for  maximum  clearances  (0.009  in.  radial).  A scheme  for  reducing 
rotor  thrust  was  also  worked  into  the  design  by  . res suri zing  the 
cavity  forward  of  the  front  journal  bearing. 

The  final  internal  flow  circuit  is  shown  schematically  in 
Figure  12.  Compressor  discharge  air  is  supplied  to  all  three 
bearings  from  a common  collection  point  on  the  outer  wall  of  the 
final  diffuser.  An  external  line  carries  air  to  the  forward  end 
of  the  front  journal  bearing  via  one  of  the  bearing  carrier  struts. 
The  aft  end  is  pressurized  by  means  of  a 4-stage  stepped  labyrinth 
seal  and  a pressure  controlling  orifice  which  carries  spent  cool- 
ing air  to  the  rotor  interior.  The  forward  end  of  the  aft  jour- 
nal bearing  is  pressured  as  shown,  with  the  aft  end  pressurized  by 
the  spent  air  passing  through  a labyrinth  seal.  In  each  case, 
the  cooling  flow  is  controlled  by  the  sum  of  flow  resistance  of 
the  bearing  and  the  downstream  orifice  or  seal.  In  the  case  of 
the  thrust  bearing,  cooling  air  is  metered  at  the  inlet  since  in- 
ternal flow  resistance  is  negligible.  The  inlet  is  at  the  OD 
where  metered  air  is  impinged  on  the  rim  of  the  thrust  runner, 
from  where  it  flows  inward  behind  the  foil  plates  on  both  sides. 
Spent  air  is  again  metered  through  the  curvic  coupling  V-seals 
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since  the  thrust  bearing  pressure  is  established  by  conununication 
with  the  static  pressure  upstream  of  the  final  diffuser.  Spent 
air  from  all  three  bearings  is  ultimately  discharged  to  the  tur- 
bine rotor  cavity  from  where  it  re-enters  the  main  flow  path  up- 
stream of  the  turbine  rotor. 

,K 

3.1. 8.1  Journal  Bearing  Temperatures 

The  generalized  journal  bearing  thermal  schematic  is  shown 
in  Figure  13.  It  is  applicable  to  any  pinned-leaf  type  journal 
bearing.  Labeled  dimensions  are  those  used  as  input  data  in  the 
automatic  thermal  model  generator.  Each  numbered  thermal  node 
shown  in  the  schematic  is  the  first  of  a series  of  five  nodes  dis- 
tributed along  the  bearing  length.  Cooling  flow  passes  through 
the  bearing  film  and  through  the  clearance  space  (between  foils 
and  housing)  axially  in  the  direction  of  increasing  node  numbers. 
Internal  heat  generation  in  the  bearing  film  is  distributed  uni- 
formly along  the  bearing  length. 

The  bearing  film  is  treated  as  isothermal  at  any  axial  sta- 
tion, which  implies  a concentric  (unloaded)  bearing,  although  the 
power  loss  (heat  generation)  representative  of  a loaded  bearing 
may  be  input.  As  such,  the  computed  temperature  results  may  be 
considered  to  apply  to  the  foils  at  90  degree  positions  from  the 
applied  load.  The  highest  foil  temperatures  occur  on  the  loaded 
side  of  the  bearing  because  of  increased  frictional  heating  and 
reduced  flow  area  there.  However,  this  analytical  model  has  not 
been  extended  to  the  point  of  predicting  eccentricity  effects. 
Foil-to-foil  temperature  variations  are  believed  to  be  minor  be- 
cause the  computed  peak  foil  temperatures  reported  herein  are  not 
much  higher  than  the  journal  surface  temperature,  and  the  latter 
is  obviously  symmetrical  due  to  high  speed  rotation. 

Foil  temperature  results  are  presented  in  Figure  14  for  oper- 
ating conditions  applicable  to  the  baseline  configuration,  turbine- 
end  journal  bearing.  These  conditions  correspond  to  hot  day,  sea 
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Figure  13.  Thermal  Model  Schematic  Foil  Bearing. 
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Jevel,  Mach  0.8  and  a downstream  labryrinth  seal  running  clearance 
of  0.008  inch.  A power  loss  of  1500  watts,  as  predicted  analyti- 
cally, was  used.  Assumed  airflow,  speed,  foil  contact  resistance 
and  minimum  film  thickness  are  also  listed  on  Figure  14.  In  addi- 
tion to  the  reference  point,  a parametric  study  was  made  to  deter- 
mine the  effects  of  altitude,  downstream  pressure,  power  loss, 
and  sway  space. 

Figure  15  shows  the  effect  of  pressure  ratio  across  the  bear- 
ing on  the  cooling  airflow  function  (based  on  exit  conditions)  at 
three  different  altitude  conditions.  Seal  clearances  required  to 
achieve  a given  pressure  ratio  are  shown  by  dashed  lines.  The 
flow  function  for  the  50,000  feet  condition  was  found  to  be  rela- 
tively low  because  of  low  flow  Reynolds  numbers  and  high  friction 
factors. 

Figure  16  shows  the  effect  of  pressure  ratio  across  the 
bearing  (and  therefore  cooling  flow  rate)  on  maximum  foil  temper- 
atures (hot  spot)  and  on  maximum  temperature  differences  within  a 
foil.  In  this  figure,  the  power  loss  was  held  constant  at  1500 
watts  for  sea  level  and  25,000  feet  conditions  and  at  1000  watts 
for  the  50,000  feet  condition.  This  clearly  indicates  a need  for 
more  cooling  airflow  at  high  altitudes,  which,  if  provided  by  in- 
creasing the  flow  area  will  result  in  unrequired  cooling  flow  at 
the  lower  altitudes.  To  prevent  the  resulting  loss  in  engine  per- 
formance a barometric  valve  can  be  employed  to  correct  the  cool- 
ing air  flow  to  the  bearings. 

Power  loss  effects  on  foil  temperatures  are  shown  in  Figure 
17.  The  downstream  seal  clearance  was  held  constant  at  0.008 
inch  (radial) , so  the  bearing  pressure  ratio  and  cooling  airflow 
can  be  obtained  from  Figure  15. 

Finally,  the  effect  of  increasing  the  bearing  sway  space  is  | 

shown  in  Figure  18.  This  is  the  only  deviation  from  the  baseline  : 
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configuration  and  the  results  are  rather  dramatic  at  the  high  al- 
titude condition.  Here,  the  seal  clearance  is  held  constant  at 
0.008  inch  and  the  power  loss  is  1500  watts  at  sea  level  and  1000 
watts  at  50,000  feet. 

The  purpose  in  reporting  these  results  is  only  to  show  trends 
for  use  in  seeking  a satisfactory  cooling  scheme.  They  do  not 
represent  a final  cooled  bearing  design.  Indications  are  that  in- 
creasing bearing  sway  space  area  in  a manner  that  does  not  affect 
bearing  performance,  such  as  bearing  carrier  grooving,  is  a pos- 
sible approach  to  a satisfactory  cooling  system  design  without  in- 
creasing the  bearing  cooling  flow  rate. 

3. 1.8. 2 Thrust  Bearing  Temperatures 

The  generalized  thrust  bearing  thermal  schematic  is  shown  in 
Figures  19  and  20.  Figure  19  is  an  overall  meridional  view  in- 
cluding thrust  runner  and  housing  and  Figure  20  is  an  axial  view 
of  one  of  the  foil  sectors  on  the  loaded  side.  The  modeling  con- 
cept is  similar  to  the  journal  bearing  modeling  discussed  above, 
while  the  configuration  and  the  cooling  scheme  differ. 

The  cooling  scheme  employed  in  the  thrust  bearing  baseline 
configuration  consists  of  cooling  air  jets  impinging  on  the  thrust 
runner  rim,  followed  by  radially  inward  flow  behind  the  thrust 
plates  on  both  sides.  The  jets  are  introduced  at  an  angle  in  the 
rotation  direction  to  depress  the  inlet  total  temperature  rela- 
tive to  the  thrust  runner.  A sketch  of  this  concept  is  shown  in 
Figure  21. 

A steady-state  temperature  solution  was  obtained  for  the 
thrust  bearing  operating  under  hot  day,  sea  level,  Mach  0.8  con- 
ditions. Results  are  shown  in  Figures  22  and  23  as  isothermal 
diagrams  (the  notes  on  Figure  22  are  applicable  to  each  figure) . 
Figure  22  represents  one  of  13  identical  sectors,  looking  at  a 
thrust  pad  where  peak  temperatures  occur.  Figure  23  shows  the 
axisymmetrical  temperatures  in  the  overall  bearing. 
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Figure  19.  Thermal  Model  Schematic  Foil  Bearing 
Type;  Cantilevered- Leaf  Thrust 
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After  examining  model  data  and  resulting  metal  temperatures, 
and  checking  the  energy  balance,  it  was  concluded  that  these  re- 
sults are  valid,  and  therefore  represent  the  best  effort  at  pre- 
dicting operating  temperatures.  Temperatures  may  be  affected  by: 
(1)  heat  rejection  to  the  bearing  surroundings,  (2)  net  thrust 
load  lower  than  370  pounds,  and  (3)  lowei  power  loss  character- 
istic due  to  a slight  reduction  in  bearing  size,  such  that  the 
present  results  are  on  the  high  side.  The  effects  of  (2)  and  (3) 
could  be  quite  significant  and  should  be  examined  further  as  a 
nexu  step.  However,  these  effects  would  not  change  bearing  cool- 
ing effectiveness,  which,  for  this  case  is: 


^ex  **  ^in 

^c  - t. 

not  in 


653  - 564 
1015  - 564 


= 0.20 


This  value,  depicting  performance  of  the  cooling  scheme  em- 
ployed (rim  impingement) , is  very  low  compared  to  that  predicted 
for  journal  bearings.  The  problem  is  related  to  low  air  pressure 
drop  across  the  bearing* used  in  this  case,  resulting  in  low  jet 
velocities  for  rim  impingement.  However,  it  is  possible  that  the 
cooling  scheme  is  simply  inadequate  for  a bearing  of  this  size 
and  power  loss  density.  In  view  of  the  parametric  study  on  the 
turbine-end  journal  bearing,  which  shows  the  50,000  foot  condition 
to  be  most  severe  for  cooling,  it  is  expected  that  internal  cool- 
ing passages  in  rotating  parts  of  all  bearings  will  be  required  to 
achieve  high  altitude  operation  capability. 

3 .2  Design 

3.2.1  Baseline  Bearing  Design 

Tne  TJE331-1029  engine  configuration  limited  the  thrust  and 
journal  bearing  size.  Since  MIL-E-5007  maneuvers  impose  high 
loads  on  foil  bearings  (Figure  4)  the  foil  bearings  were  designed 


with  as  large  a projected  area  as  possible.  This  resulted  in  27 
square  inches  of  projected  journal  bearing  area  and  20.09  square 
inches  of  projected  thrust  bearing  area. 

The  baseline  (initial)  bearings  designed,  fabricated  and 
tested  in  this  program  were  based  on  the  successful  DC-10  config- 
uration. 


3. 2. 1.1  Journal  Bearing  Baseline  Design 

The  first  configuration  of  journal  bearings  were  made  by 
scaling  the  well-proved  DC-10  cooling  turbine  journal  bearings, 
llodifications  were  made  where  experience  indicated  they  would  be 
beneficial. 


DC-10  bearing  has  the  following  configuration: 


Diameter 

Length 

Number  of  foils 
Foil  thickness  (uncoated) 
Preformed  radius 
Overlap 

Calculated  diametrical  sway 


2 . 0 inch 
2 . 0 inch 
8 

0.006  inch 

1 . 5 inch 
47  percent 

10.5  mils 


The  maximum  diameter  of  the  TJE331-1029  journal  bearings  is 
4.5  inches.  Hence,  all  linear  dimensions  (except  length)  are 
scaled  by: 


The  length  was  fixed  by  load  capacity  considerations.  Calculated 
dimensions  for  the  bearings  were  as  follows: 


Diameter 

Length 


4 . 5 inch 
6.0  inch 


Number  of  foils 
Foil  thickness  (uncoated) 
Preformed  radius 
Overlap 

Calculated  diametrical  sway 


8 

13.5  mils 
3.37  inch 
47  percent 

23.6  mils 


During  the  DC-10  cooling  turbine  development  program,  sev- 
eral preformed  radius  bearings  were  tested  in  the  laboratory. 

Tests  showed  that  a 1.2  inch  preformed  radius  showed  somewhat  bet- 
ter performance  than  1.5  inch.  However,  the  1.5  inch  preformed 
radius  bearing  had  the  successful  service  record.  So  an  average 
value  of  1.35  inch  was  selected  as  the  baseline  preformed  radius 
for  the  large  bearings.  Hence, 

Preformed  radius  of  the  TJE331  bearings  = 1.35  x 2.25  = 

3.03  ^ 3.00  inch 


It  was  felt  that  13.5  mil  foil  thickness  was  too  stiff  to 
maintain  the  compliancy  for  six  inch  long  bearings.  Hence,  the 
thickness  was  reduced  to  10  mils.  However,  to  maintain  the  same 
radial  stiffness,  necessary  reduction  in  the  sway  space  was  made. 

On  the  basis  of  test  data  collected  up  to  that  time,  it  was 
felt  that  stiffness  varied  directly  with  the  foil  thickness  ratio 
to  the  power  1.3.  Hence,  by  using  10  mil  foils  instead  of  13.5, 
the  stiffness  reduces  approximately  by: 


I 

I 


: 


|‘ 


0.68 


This  was  compensated  by  reducing  the  sway  space.  It  was  ob- 
served that  the  stiffness  varied  inversely  with  the  sway  space. 
Hence,  new  sway  space  was  calculated  as; 


237?  = O-®® 


S = (23,6)  (0.68)  = 16  mils 
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Based  on  these  calculations,  dimensions  of  the  first  cut  jour- 
nal bearings  were  as  follows: 


Diameter 

Length 

Number  of  foils 
Foil  Thickness  (uncoated) 
Preformed  radius 
Overlap 

Calculated  sway 


4 . 5 inch 

6.0  inch 
8 

10  mils 

3.0  inch 
47  percent 
16  mils 


3. 2. 1.2  Tlirust  Bearing  Baseline  Design 

Similar  to  joiirnal  bearings,  the  thrust  bearings  were  also 
designed  by  scaling  the  well-proven  DC-10  cooling  turbine  thrust 
bearings.  The  DC-10  thrust  bearing  configuration  is  as  follows: 


Outside  diameter 
Inside  diameter 
Number  of  pads 
Pad  thickness  (uncoated) 
Pad  plate  thickness 
Stiffener  thickness 
Spring  plate  thickness 
Thickness  of  spring  stock 


4.23  inches 
2.34  inches 
12 

6 mils 

7 mils 
8-1/2  mils 
7 mils 

10  mils 


From  other  considerations,  the  TJE331-1029  thrust  bearing 
outside  and  inside  diameters  were  established  at  6.15  and  3.50 
inches,  respectively. 

Area  of  DC-10  thrust  bearings  = (4.23^  - 2.34^)  = 

9.77  sq  in. 

Area  of  TJE331  thrust  bearings  = (6.15^  - 3.50^)  = 


20.03  sq  in. 


Scale  factor  = 


'20.08 

9.77 


= 1.43 


59 


Hence,  TJE331  thrust  bearings  calculated  dimensions  are: 

Number  of  pads  12 

Pad  thickness  8.56  mils 

Pad  plate  thickness  10.0  mils 

Stiffener  thickness  12.1  mils 

Spring  plate  10.0  mils 

Thickness  of  spring  stock  14.3  mils 

The  number  of  thrust  bearing  pads  was  increased  from  12  to  13 
for  the  purpose  of  having  a prime  number  of  pads.  From  several 
tests  of  DC-10  size,  it  was  concluded  that  pad  thickness  was  not 
a crucial  factor  in  bearing  performance  on  the  rig.  However,  from 
the  compliance  point  of  view,  it  was  decided  to  keep  the  pad  thick- 
ness 6 mils  instead  of  8.5  mils  as  calculated.  From  a manufactur- 
ing point  of  view,  to  maintain  flatness  when  the  pads  are  welded, 
it  is  better  to  keep  the  pad  plate  slightly  thicker.  Hence,  the 
pad  plate  thickness  was  established  at  12  mils;  and  to  maintain 
tl«.e  same  total  stiffness,  the  ndddle  stiffener  thickness  was  estab- 
lished at  10  mils.  From  further  DC-10  thrust  bearings  rig  tests, 
it  was  determined  that  it  would  be  better  to  make  the  spring  plate 
slightly  heavier.  Hence,  a 12-mil  spring  plate  was  chosen.  The 
final  dimensions  as  selected  were  as  follows; 


Outside  diameter 
Inside  diameter 
Number  of  pads 
Fad  thickness 
Pad  plate  thickness 
Stiffener  stickness 
Spring  plate  thickness 
Spring  stock 


6.15  inches 
3.50  inches 

13 

6 mils 
12  mils 
10  mils 
12  mils 

14  mils 
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3.2.2  Thrust  Bearinq  Test  Riq  Design 


A test  rig  was  designed  and  fabricated  for  full  scale  thrust 
bearing  testing  and  development.  This  required  the  rig  to  be  ca- 
pable of  testing  a 6.15-inch  diameter  bearing  with  the  bearing 
runner  spinning  at  33/000  rpm  (plus  overspeed  capability)  while 
being  subjected  to  an  axial  thrust  load  of  780  pounds.  The  de- 
sign resulting  from  these  requirements  is  shown  in  Drawing 


3605849. 


The  thrust  bearing  test  rig  shaft  assembly  consists  of  four 
major  elements,  the  drive  turbine,  supporting  journal  bearings, 
the  hydrostatic  thrust  runner,  and  the  test  bearing  thrust  runner. 
The  drive  turbine  and  drive  turbine  nozzle  assembly  and  inlet 
scroll  are  production  components  of  the  air  cycle  turbine  used  in 
the  DC-10  Aircraft  ECS.  The  tcindem  journal  bearings  are  two-inch 
diameter,  eight-segment  foil  bearings  from  the  same  system.  The 
hydrostatic  thrust  runner,  which  is  merely  a rotating  disk,  opposes 
the  thrust  that  the  rotating  assembly  applies  to  the  test  bearing. 
The  air  supply,  with  its  distribution  hole  pattern,  is  within  the 
adjacent  stationary  disk.  The  test  bearing  thrust  runner  is  at 
the  end  of  the  rotating  group.  The  test  rig  operates  with  a ver- 
tical centerline  and  is  shown  schematically  in  Figure  24. 


The  test  bearing  and  thrust  runner  are  housed  in  a chamber  so 
the  air  supplied  to  the  bearing  can  be  pressure-  and  temperature- 
controlled.  The  load  is  applied  to  the  test  thrust  bearing  by  a 
pneumatic  piston  that  is  floating  hydrostatically.  The  approach 
permits  the  bearing  drag  torque  to  be  measured  by  a strain-gaged 
lever  that  resists  rotation  of  the  torque  table  on  which  the  foil 
thrust  bearing  assembly  is  mounted. 


The  initial  test  rig  design  included  a flywheel  to  simulate 
engine  rotational  energy.  Although  the  critical  speed  analysis 


a rr 


(Figures  25,  26,  and  27)  indicated  no  significant  difference  with 
or  without  the  flywheel,  the  severity  of  the  f^rst  critical  re- 
quired removal  of  the  flywheel  with  the  resulting  2.2  inches 
shorter  shaft  system.  Figure  28  illustrates  the  rig  as  set  up 
for  initial  checkout  runs. 

Test  rig  instrumentation  included;  rotation  speed,  cocxxng 
air  flow  to  the  test  bearing  ambient  compartment,  test  bearing 
cavity  ambient  pressure  and  temperature,  test  bearing  cooling  aiv 
exit  temperature  and  pressure,  test  bearing  drag  torque,  test 
bearing  load  chamber  air  pressure,  and  orthogonal  shaft  motion 
probes. 

The  resulting  thrust  bearing  test  rig  proved  to  be  a very 
versatile  tool  for  bearing  development  and  presented  no  problem 
once  the  critical  speed  condition  was  changed.  The  test  bearing 
thrust  runner  was  easily  changed  in  the  event  of  a failure. 

3,2,3  Journal  Bearing  Test  Rig  Design 

A test  rig  was  designed  and  built  for  full  scale  journal 
bearing  testing  and  development.  This  required  that  the  test  rig 
be  capable  of  testing  a journal  bearing  4.5  inches  in  diameter  and 
6 inches  long  (L/D  1.33).  The  journal  (shaft)  is  required  to  spin 
at  33,000  rpm  (plus  overspeed  capability)  and  subject  the  bearing 
to  a radial  load  of  442  pounds.  The  test  rig  also  was  designed 
to  subject  the  bearing  to  altitude  simulation,  operating  tempera- 
tures to  engine  conditions,  and  misalignment,  A schematic  of  the 
resulting  test  rig  design  is  shown  in  Figure  29.  The  design  lay- 
out is  shown  in  Drawing  3605850. 

The  test  rig  rotating  assembly  is  supported  by  two  foil  jour- 
nal bearings.  A parachute  loader  located  between  the  journal  bear- 
ings is  used  to  apply  radial  loads  to  the  shaft.  A thrust  bearing 
located  outboard  of  one  journal  bearing  axially  positions  the 
shaft,  which  is  driven  by  an  air  turbine  outboard  of  the  thrust 
hearing. 
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Figure  28.  Thrust  Bearing  Test  Rig. 
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The  parachute  loader  consists  of  a hydrostatic  (air)  bearing 
between  the  shaft  and  a thin  sheet  metal  half  wrap-around  band 
(Figure  30) . The  shaft  is  hollow,  with  holes  under  the  parachute 
loader  to  supply  high  pressure  cooling  air. 

The  drive  turbine  is  a production  air  cooling  turbine,  modi- 
fied for  shaft  attachment  with  an  associated  nozzle  and  air  inlet 
scroll . 

The  thrust  bearing  used  for  shaft  axial  position  control,  is 
the  baseline  thrust  bearing  of  this  program,  assembled  in  a double- 
acting configuration. 

The  journal  bearing  at  the  drive  turbine  end  is  considered  to 
be  the  slave  bearing  but  is  identical  to  the  test  bearing  at  the 
other  end.  The  test  bearing  is  mounted  in  a hydrostatically  float- 
ing carrier  so  the  bearing  frictional  drag  can  be  measured  with  a 
strain-gaged  lever. 

Six  separate  controlled  air  systems  provided  to  the  rig  in- 
clude: drive  turbine  air,  thrust  bearing  cooling  air,  slave  bear- 
ing cooling  air,  test  bearing  cooling  air  (pressure  and  temperature 
control),  test  bearing  mount  hydrostatic  air,  and  parachute  loader 
air. 


Basic  instrumentation  for  the  test  rig  includes  orthogonal 
proximity  probes  for  measuring  shaft  motion,  (one  at  the  outboard 
edge  of  the  test  bearing  and  the  other  between  the  slave  bearing 
and  the  thrust  bearing)  speed  pickup,  inlet  and  exit  air  pressure 
and  temperature  measurement  for  the  slave  and  test  journal  bearing, 
parachute  loader  load  and  bearing  drag  torque.  The  journal  bear- 
ing test  rig  is  shown  in  Figure  31  during  its  initial  checkout 


runs. 


3.3  Bearing  Design  Analytical  Tools 


3.3.1  Thrust  Bearing  Analytical  Program 


The  Thrust  Foil  Bearing  Analytic  Solution  consists  of  a fin- 
ite difference  hydrodynamic  analysis  and  a finite  element  elasti- 
city routine,  which  exchange  information  to  obtain  a converged 
solution.  As  shown  in  the  program  logic  diagram.  Figure  32,  the 
program  commences  by  requiring  a definition  of  the  bearing  geom- 
etry and  initial  film  thickness.  The  starting  film  thickness  is 
a user  input  requirement.  The  closer  the  initial  film  is  to  the 
converged  solution,  the  more  rapid  the  convergence  of  the  elasto- 
hydrodynamics  solution.  Once  the  initial  film  and  input  param- 
eters are  defined,  the  program  proceeds  to  the  hydrodynamic  anal- 
ysis to  determine  a fluid  pressure  distribution  and  the  resulting 
loads  to  be  applied  to  the  finite  element  elasticity  routine. 

With  these  loads,  the  elasticity  solution  provides  the  foil  de- 
flections and  consequently,  the  elasticity  film  distribution  (h^) . 
With  (h^)  and  the  hydrodynamic  film  (h„)  defined,  a relaxation  of 
the  form: 


+ (1  - a) 


Where: 

(i)  is  the  iteration  index 
a is  the  relaxation  parameter 

permits  redefinition  of  a new  hydrodynamic  film  and  the  cycle 
continues.  When  the  film  distribution  used  in  the  hydrodynamics 


i-1) 


is  the  same  as  that  predicted  by  the  elasticity  routine 


■)  then  convergence  is  achieved  as: 


h c.  h - h 

II  ~ e “h 


Figure  32.  Elasto-Hydrodynamics  Program  Logic  Diagram. 


Figure  34.  Thrusr  Foil  Bearing  Mathematical  Model 
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3 . ?. . 1 <.  2 Hydrodynamics  Solutioix 


The  thrust  foil  bearing  svibroutine  termed  the  hydrodynamics 
program  of  Figure  32  is  a finxte  difference  solution  to  the 
Reynolds  equation.  Based  upon  the  assumptions  that; 


•% 


(a)  The  axial  clearance  between  bearing  surfaces  is 
much  smaller  than  other  bearing  dimensions. 


Cb)  The  flow  may  be  laminar  or  turbulent, 
(c^  Both  bearing  surfaces  are  wet. 


(d)  The  velocity  gradients  across  the  fluid  film  are 
much  larger  than  other  velocity  gradients. 


(e)  Body  forces,  presisures,  viscosity  and  density  are 
invrsriant  across  the  lubricant  film. 


(f)  The  working  fluid  may  be  compressible  or  incorapres- 
sible. 


(g)  p = P/RT  (Isothermal  conditions) . 

The  Reynold's  equation  can  be  expressed  in  a cartesian  frame 
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Wl:3ere  siibscripts  (o)  and  (1)  refer  to  velocity  components  at  the 
surfaces  indicated  on  Figure  35  and: 


P = the  pressure 


p = the  density 


X,  Z = body  forces 


U^/  V^,  U^,  “ velocity  components 


h = film  thickness 


p = viscosity 


and  the  turbulence  constants  k and  k are  given  by; 

X z 


k = 12  + 0.53  (k^R  )°*‘^25 

A 6 


k = 12  + 0.296  (k^R 
2 e 


Where  is  the  local  Reynolds  Number  and  Kappa  (k)  is  the 
Prandtl's  mixing  length,  which  has  been  experimentally  deter- 
mined to  be  dependent  upon  the  eccentricity  ratio  for  plain 
journal  bearings  as  shown  in  Figure  36  with  analytic  correlation 
per  Figure  37. 


Transformed  to  cylindrical  coordinates,  and  accounting  for  the 
velocity  terms,  the  Reynold's  equation  becomes; 
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v/here; 
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6 ^ is  the  angular  location  of  minimum  film 


clearance 


• indicates  derivative  with  respect  to  time. 


The  Reynolds  equation  is  written  and  solved  in  finite 
difference  form  to  provide  an  expression  for  pressure  at  the 
point  (i/ j ) . 


i,j+l 


i,j-l 


i-l.j 


Pressure  distribution  within  the  bearing  is  obtained  by  an 


iteration  technique.  The  program  includes  the  option  of  consid- 
ering fluid  inertia.  Mean  values  of  the  fluid  inertia  terms 
and  are  computed  utili;sing  pressure  distributions  at  inter- 


mediate stages  of  iteration  and  incorporated  in  subsequent  itera- 
tions until  the  designated  accuracy  requirement  is  satisfied. 


3. 3. 1.3  Computational  Results 


The  baseline  foil  thrust  bearing,  as  specified  below  was 
first  analyzed  using  this  newly  developed  elasto-hydrodynamics 
computer  program.  Figures  38  and  39  show  typical  computer  results 
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LOAD 

CAPACITY 


= 6.15  IN. 

=3.50  IN. 

= 33,000  RPM 
= 15  PSI 

= 100  LBS  (5  PSI) 


Figure  38.  Baseline  Bearing  Film  Thickness  Isopleth 
(In./10,000) 
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of  film  thickness  and  film  pressure  distribution  in  isopleth  form 
for  one  thrust  bearing  sector  at  a bearing  load  of  100  pounds 
(5  psi) . 


Outside  Diameter  (OD) 
Inside  Diameter  (ID) 


Thickness  of  Foil  (T^) 


Thickness  of  Foil  Pad  Plate  (T^) 


Thickness  of  Stiffener  (T^) 


Thickness  of  Spring  Pad  (T^) 
Number  of  Sectors  (N) 


6.15  In. 
3.5  In. 
0.006  in. 
0.010  In. 
0.012  In. 
0.012  In. 
13 


Figure  40  shows  film  thickness  results  and  runner  positions 
at  the  mean  radius  (R  = for  various  bearing  loading  conditions. 
The  effects  of  foil  bearing  compliance  are  also  shown  on  Figure 
40  by  the  shape  of  the  film.  Since  the  film  shape  becomes  ex- 
tremely steep  at  higher  loading  conditions  (Figure  40),  higher 
friction  losses  are  expected.  The  bearing  friction  loss  versus 
bearing  load,  as  predicted  by  the  analytical  program  is  shown  in 
Figure  41.  Gas  film  pressure  profiles  along  the  mean  radius  line 


(R  = R^)  for  various  bearing  loading  conditions  are  shown  in  Fig- 


ure 42.  The  minimum  film  thickness,  usually  located  near  the 
bearing  inside  diameter  (see  Figure  39) , is  shown  against  the 
bearing  load  in  Figure  43.  Bearing  load  capacity  is  predicted 
by  using  a minimum  film  thickness  of  0.0001  inch.  The  baseline 
bearing  was  predicted  to  fail  at  a bearing  load  of  230  pounds  by 
the  analytical  study. 


The  baseline  thrust  bearing  was  tested  in  the  test  rig.  The 
bearing  carried  a load  of  304  pounds.  The  rubbing  pattern  shown 
in  that  test  clearly  indicates  that  rubbing  was  initiated  at  the 
regxons  of  minimum  film  thickness  as  predicted  by  the  analytical 
results . 


The  baseline  bearing  failure,  at  a 304  pound  load  is  a result 
of  incorrect  film  shape  at  higher  bearing  loading  conditions,  as 
shown  in  Figure  40.  A good  film  shape  can  increase  the  bearing 
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FRICTION  LOSS  (WATTS) 


Figure  41.  Baseline  Bearing  Friction  Loss  as  Function  of 
Bearing  Load 
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load  and  decrease  friction  loss,  thus  improving  these  major 
bearing  characteristics.  Therefore,  an  analytical  study  focused 
on  controlling  the  film  shape  was  initiated  to  aid  in  optimizing 
the  bearing  design. 


The  "Dual  Spring"  spring  assembly  shown  schematically  in 
Figure  44  is  the  new  design  concept  resulting  from  the  analytical 
study.  The  gas  film  thickness  distribution  in  the  dual  spring 
foil  thrust  bearing  can  be  optimized  varying  the  spring  ratio. 


r = k2/k^,  and  the  stiffening  segment  thickness  "t"  (Figure  44) . 


The  analytical  results  for  the  dual  spring  foil  thrust  bear- 
ing having  the  same  dimensions  as  the  baseline  bearing  are  shown 
in  Figures  44  through  48.  Figure  45  shows  the  film  thickness 


results  and  runner  positions  at  the  mean  radius  (R  = R^^) . Figure 


46  shows  the  pressure  profiles.  Figure  47  shows  friction  Tosses 
versus  bearing  load.  The  bearing  load  capacity  versus  minimum 
film  thickness  curve  is  shown  in  Figure  48.  Results  of  a single 
spring  baseline  bearing  were  also  plotted  in  Figures  47  and  48 
for  comparison.  As  indicated  in  Figure  48,  the  dual  spring 
thrust  bearing  was  expected  to  develop  significant  improvement 
in  load  capacity. 


Subsequent  testing  of  the  dual  spring  design  did  nor  provide 
the  load  capacity  predicted.  This  was  due  to  the  sensitivity  of 
this  design  to  manufacturing  tolerances,  etc.  However,  the  anal- 
ytic computer  progreun  did  indicate  that,  by  proper  control  of  the 
foil  and  stiffener  elasticity,  increased  load  capacity  cou?„d  be 
achieved.  This  was  experimentally  demonstrated  by  the  partial 
pad  stiffener  design  (Figure  49) , which  achieved  a load  capacity 
of  540  pounds. 


3.3.2  Journal  Bearing  Analytic  Program 


The  foil  journal  bearing  computer  elasto-hydrodynamic  analy- 
sis  parallels  the  thrust  bearing  computer  analysis  program.  A 
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Figure  48.  Bearing  Load  as  Function  of  Minimum  Film  Thickness 
for  Dual  Spring  Thrust  Bearing 


separate  hydrodynamics  subroutine  and  elasticity  subroutine  ex- 
change the  appropriate  information  on  loads  and  foil  deformations 
until  convergence  is  achieved.  Convergence  is  attained  when  the 
hydrodynamic  film  thickness  used  to  obtain  the  pressure  distribu- 
tion and  resulting  foil  loading  is  the  same  film  thickness 
(within  a reasonable  error)  predicted  by  the  elasticity  program 
when  the  hydrodynamic  loads  are  imposed  on  the  foils.  The  Foil 
Journal  Bearing  Program  flow  chart  is  provided  in  Figure  50. 

This  logic  chart  differs  from  that  previously  presented  for  the 
thrust  bearing  program  in  two  respects.  First,  a geometry  rou- 
tine has  been  added  to  the  Journal  Bearing  Program  to  predict  the 
assembly  configuration.  Second,  the  elasticity  solution  is  non- 
linear. These  differences  result  from  a fundamental  but  signifi- 
cant feature  of  journal  bearing  geometry,  which  is  that  journal 
foil  segments  are  not  independent  elastic  members  but  are  in  con- 
tact with  each  other.  Thus,  each  foil  encounters  loading  due  to 
the  hydrodynamics  of  the  bearing  as  well  as  traction  loads  and 
kinematic  constraints  from  foil  interaction.  In  simple  terms, 
foils  may:  (1)  be  in  contact  with  each  other,  (2)  be  in  contact 
with  each  other  and  constrained  by  the  bearing  housing,  (3)  be 
in  contact  with  boundaries  and  not  in  contact  with  other  foils, 
or  (4)  be  in  contact  neither  with  other  foils  nor  boundaries. 
These  conditions  must  be  correctly  assessed  by  the  elasticity 
program,  thereby  requiring  a difficult  nonlinear  iterative  elas- 
ticity subroutine  to  be  programmed.  This  has  been  successfully 
achieved. 


3 . 3 . 2 , 1 Discussion  of  Geometry  Subroutine 


As  all  foil  displacements  must  be  referenced  from  prescribed 
datum,  it  is  first  necessary  to  determine  this  reference  config- 
uration. For  the  foil  thrust  bearing  this  datum  is  the  free  foil 
geometry.  For  the  journal  bearing,  the  configuration  of  the  foils 
may  differ  in  the  assembled  state  from  the  free  form  state  due  to 
foil  interaction  loading.  Generally,  the  fewer  the  number  of 
segments,  the  more  likely  that  the  assembly  configuration  deviates 
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from  the  free  foil  state.  The  assembly  subroutine  has  been 
programmed  to  deterraine  the  assembled  configuration  of  the  foil 
journal  bearing  prior  to  shaft  insertion.  This  geometry  subrou- 
tine has  been  programmed  to  search  for  an  acceptable  constant 
curvature  position  at  assembly.  Given  the  free  foil  radius  (^F) , 
the  length  of  the  foil  (FL) , the  base  material  thickness  (t^) , 
the  non-stfuctural  coating  thickness  (t  ) , and  the  bearing  radius 
(Rg) , the  assembly  subroutine  seeks  a foil  radius  (Figure  51) 
where  R'  = R + t^  + t^.  The  assembly  routine  reports  R^,  as  well 
as  Rj^  (the  radius  to  each  node  from  the  geometric  center  of  the 
bearing)  from  which  all  foil  deformations  are  measiired.  Figure 
52  presents  some  typical  Gale amp  computer  plots  generated  by  the 
assembly  routine  for  6-,  12-  and  16-segment  foils. 

3. 3. 2. 2 Elasticity  Subroutine 

Figure  53  presents  the  details  of  the  asSembiy/eiasticity 
solution.  As  noted/  the  elasticity  solution  commences  by  obtain- 
ing the  symmetric  "preload"  position  of  the  foils.  This, is  the 
configuration  when  the  shaft  is  inserted  in  a zero  ”g"  position. 
The  program  proceeds  from  there  to  obtain  the  foil  configuration 
when  the  hydrodynamic  loads  are  applied.  Program  checks  provide 
for: 

(a)  Constraint  or  release  of  nodes  on  adjacent  foils 
and/or  contact  with  boundaries 

(b)  Constraint  or  release  of  nodes  in  contact  with 
the  shaft 

(c)  Constraint  or  release  of  nodes  on  the  bearing 
housing 

nodal  constraint  is  provided  when  displacements  indicate  a viola- 
tion of  kinematic  boundaries.  Release  of  nodes  occurs  when  trac- 
tion loads  produced  by  constraint  ar-e  no  longer  physically  real- 
izable. 
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The  foil  elasticity  is  analytically  represented  as  a series 
of  short  curved  elements  with  a coordinate  system  and  sign  con- 
vention (Figure  54). 


By  application  of  Castigliano' s second  theorem,  the  element 
and  system  stiffness  matrices  may  be  determined.  The  stiffness 
equation  solution  is  provided  by  a straight-forward  displacement 
matrix  approach.  The  fixity  of  the  foil  to  the  bearing  housing 
is  assumed  to  be  a "pinned  joint".  The  difficulty  in  the  solu- 
tion is  encountered  when  the  foils  are  loaded.  The  foils  begin 
to  contact  each  other  and  encounter  kinematic  constraints  of  the 
journal  and  bearing  housing.  It  is  apparent  that  this  provides 
a highly  nonlinear  stiffness  characteristic  of  foil  journal  bear- 
ings. To  deal  with  these  problems  the  elasticity  program  gener- 
ates a constraint  matrix.  This  constraint  matrix  is  used  in  a 
transformation  of  the  governing  equations  to  deflate  (reduction 
of  degrees  of  freedom  due  to  constraints)  the  set  of  equations. 
By  proper  partitioning  of  this  reduced  set  and  by  back  transfor- 
mation, the  solution  to  the  constrained  equation  is  determined. 
This  permits  the  nonlinear  stiffness  characteristics  to  be 
simulated. 


3. 3. 2. 3 Hydrodynamic  Analyses 


The  journal  foil  bearing  subroutine  termed  the  "Hydro- 
dynamics Program"  (Figure  50)  is  a finite  difference  solution  to 
the  Reynolds  equation,  based  upon  the  assumptions  that: 


(a)  The  film  clearance  between  the  shaft  and  foil  is 

small  compared  to  the  radius  and  length  of  the  bearing. 


(b)  The  flow  may  be  laminar  or  turbulent  depending  upon 
the  local  Reynolds  number. 
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(c)  Wet  surfaces  - no  slip  at  bearing  surfaces  is 
permitted. 


(d)  The  working  fluid  may  be  compressible  or  incom- 
pressible. 


(e)  The  velocity  gradients  across  the  fluid  film  are 
larger  than  other  velocity  gradients. 


(f)  Axial  and  circumferential  flows  are  permitted. 
Program  solution  for  finite  length  bearings. 


(g)  Body  forces,  viscosity  and  density  may  vary  with 
position  in  the  axial  and  tangential  directions. 


(h)  Nonsynchronous  and  squeeze  film  loading  permitted. 


Figure  55  illustrates  the  foil  journal  bearing  geometry  for 
tlte  hydrodynamics  solution.  Figure  56  illustrates  the  tangential 
and  radial  velocity  components  U and  V,  respectively.  With  this 
geometry  defined,  the  compressible  Reynolds  equation  can  be  ex- 
pressed as: 
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where : 


P = hydrodynamic  pressure 
p = Density  = P/RT  (Isothermal  conditions) 
X,  z = body  forces 


U^,  = velocity  components  at  shaft  surface 
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I , 


U^,  = velocity  components  at  foil  surface 


h “ film  thickness 


U ==  viscosity 


and  the  turbulence  constants  K and  K are  given  by: 

X z 


K = 12  + 0.53  (A  )0*’^25 

X 6 


K = 12  + 0.296  {K^R 
z e 


where  is  the  local  Reynolds  Number  and  K is  the  Prandtl's 


mixing  length  as  indicated  previously  in  Figures  36  and  37. 


3 . 3 . 2 . 4 Comparison  of  Analytical  and  Experimental 


Data  for  Elasticity  Solution 


Numerous  test  cases  have  been  evaluated  to  demonstrate  the 


program's  capability  in  recognizing  proper  release,  kinematic 
constraints,  and  foil  overlap  in  duplicating  experimental  static 
stiffness  data.  A thorough  examination  of  the  elasticity  program 
and  correlation  with  experimental  data  has  demonstrated  the  ade- 
quacy of  this  portion  of  the  elasto-hydrodynamics  journal  bearing 
program.  Some  of  these  results  are  presented  below: 


Figure  57  illustrates  a typic"  foil  geometry  and 
the  coordinate  system  utilised  in  this  study.  Note 
that  the  positive  direction  of  eccentricity  (e)  has 
been  established  in  the  direction  of  the  positive 


Y axis.  Accordingly,  a negative  value  of  (F^)  on 
the  journal  opposes  a positive  value  of  eccentricity, 


Further,  a positive  value  of  (F  ) encourages  forward 
precession  (whirl) , whereas  a negative  value  of  (F  ) 
opposes  forward  whirl.  The  angle  ('i')  is  a geometric 
parameter  and  is  a user  input  option  to  control  the 
displacement  vector  (eccentricity)  direction  with 
respect  to  foil  geometry. 


Figure  57.  Geometry  and  Coordinate  System  for  Elasticity 
Program 
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Figure  58  shows  a comparison  of  experimental 
data  and  analytic  data  for  a 0.0085-in.  thick 
16-segment  foil  coated  w.ith  OiOOl  in.  of  Tefloh-S. 
As  shown,  excellent  correlation  was  achieved. 


Figure  59  is  a comparison  of  analytic  and  ex- 
perimental data  for  a 0.010-in.  thick  uncoated 
8-segmeht  foil.  Two  curves  are  present;  one 
for  the  displacement  vector  (eccentricity)  dir- 
ected toward  the  trailing  edge  (T.E.)  of  a foil, 
the  other  with  the  eccentricity  directed  midway 
between  two  trailing  edges  of  adjacent  foils. 

It  is  interesting  that  both  experimental  and 
analytic  data  demonstrate  the  "stiffer"  curve 
is  produced  when  loading  is  directed  midway 
between  the  trailing  edges  of  two  adjacent  foils, 


Figure  60  presents  the  data  obtained  for  a 0.012-in. 
thick  12-segment  foil  coated  with  0.001  in.  of 
Teflon-S.  Two  curves  for  the  experimental  and  an- 
alytic  study  are  presented  similar  to  those  of 
Figure  59  for  the  8-segment  foil.  It  is  noteworthy 
that,  unlike  Figure  59,  the  experimental  curves  for 
loading  over  the  trailing  edge  and  loading  between 
adjacent  foils  cross  at  approximately  0.005-in. 
eccentricity.  This  same  characteristic  is  duplicated 
at  an  eccentricity  of  0.006  in.  for  the  analytic  data. 


Figure  61  presents  the  loading  obtained  analytically, 
which  represents  the  resultant  orthogonal  load  F 
(see  Figure  57),  for  the  12-segment  foil  studied  in 
Figure  60.  The  magnitude  of  this  load  is  small  in 


comparison  to  the  load  resisting  eccentricity  (F^) 


of  Figure  60.  It  is  interesting  to  note  the  apparent 
symmetry  when  the  loading  direction  is  altered. 
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Figure  61.  Twelve-Segment  Foil  Orthogonal  Loading 


o 


Figure  62  is  a 12-segment  design  analytic  study  of 
the  effect  of  foil  length  on  static  stiffness.  The 
solid  line  represents  a minimum  foil  length  (0.010 
in.  less  than  nominal)  or  a foil  overlap  of  47.2  per- 
cent. The  “stiffer"  dashed  curve  illustrates  the 
load  versus  deflection  data  for  a maximum  foil  length 
(0.010  in.  greater  than  nominal)  or  an  overlap  of 
47.7  percent  (the  nominal  foil  overlap  is  47.5  per- 
cent) . 

3 . 3 . 2 . 5 Foil  Bearing, Analytical  Program  Preliminary  Results 

Preliminary  results  of  the  nonlinear  elasto-hydrodynamics 
program  provided  solutions  that  converged  to  an  acceptable 
elasticity  conf iguration#  as  well  as  an  acceptable  hydrodynamics 
solution. 

Figure  63  represents  the  symmetric  pressure  profile  for  the 
zero  eccentricity  case  of  an  8-segment  foil  bearing.  The  com- 
puter solution  verified  the  no-load  configuration  and  the  symmetry 
of  pressure  distribution. 

Figure  64  is  the  same  8-segment  configuration  with  an  ec- 
centricity of  0.004  in.  The  nonsymmetric  pressure  profile  illus- 
trates the  pressure  loading  to  oppose  eccentricity. 

3.4  Materials  Development 

The  foil  bearing  concept  is  based  upon  a rotating  component 
supported  on  a thin  film  of  air  (or  other  gas) , using  compliant 
foils  as  the  mating  surface  (a  minimum  speed  is  required  to  develop 
an  adequate  film) . This  behavior  allows  non-contact  conditions 
to  exist  during  most  of  the  bearing  operation.  However,  contact 
does  occur  when  the  shaft  rotational  speed  is  below  that  required 
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to  develop  a supporting  hydrodynamic  film,  i.e.,  during 
turbomachine  start-up  or  shut-down.  At  this  time  bearing  sur- 
face lubrication  becomes  important  and  is  provided  in  the  form 
of  a solid  coating  having  optimvim  low  friction,  wear  resistance, 
and  a tolerance  for  ingested  particulate  contaminants,  as  well  as 
acceptable  properties  in  the  temperature  range  from  -65  to  1200“?. 

In  addition  to  coatings,  it  was  necessary  to  specify  sub- 
strate alloys,  for  rotating  shafts  and  bearing  foils,  that  were 
compatible  with  coatings  and  also  capable  of  extended  service  at 
temperatures  to  1200“F.  Materials  development  activities  culmin- 
ated in  selecting  appropriate  coatings  and  substrate  alloys  for 
use  in  thrust  and  journal  foil  bearing  test  rigs  at  elevated  tem- 
peratures. Material  development  goals  were  as  follows: 

(a)  Identify  and  evaluate  candidate  foil  coating 
materials  for  temperature  capability  fo  1200“F. 

(b)  Evaluate  foil  materials  that  show  promise  of  a 
minimum  loss  in  strength  and  elastic  modulus  from 
room  temperature  through  the  maximum  operating 
temperature  (120 0“F) . 

Ccl  Select  the  most  appropriate  coatings  and  alloys  to 
provide  the  best  combination  of  properties  for 
operation  in  bearing  test  rigs. 

(d);  Demonstrate  survivability  under  simulated  engine 
operating  conditions  (bearing  test  rigs) 

Within  the  framework  of  these  goals  a materials  develop- 
ment program  was  conducted  as  described  in  the  following  section. 


3.4.1 


Approach 


To  deterinine  temperature  requirements  for  svibstrate  and 
coating  materials^  the  following  bearing  temperature  require- 
ments were  established: 


(a)  A maximum  inlet  air  temperature  of  564®F  (compressor 
discharge) . 


(b) 


An  additional  temperature  increment  to  provide 
adequate  heat  sink  capability  of  the  inlet  air  to 
cool  the  bearing  (bearing  therefore  will  operate 
200“300°F  above  inlet  air  temperature) . 


(G) 


An  additional  temperature  increment  due  to  frictional 
heating  during  bearing  contact  periods  (approximately 
100“  to  200“F) . 


(<a) 


An  additional  temperature  increment  of  approximately 
100  to  200“F  due  to  thermal  soak  back  from  a hot 
turbine  (occurs  v/hen  the  engine  is  restarted  soon 
after  shutdown) . 


These  define  a requirement  of  up  to  864®F  for  continuous 
bearing  operation.  Allowing  for  frictional  heating,  thermal 
soakback  and  a small  safety  margin,  1200®F  was  selected  as  the 
maximum  temperature  capability  goal  for  bearing  materials. 


The  above  requirements  led  to  organizing  the  materials 
development  program  into  two  general  activities,  described  below; 


Preliminary  Materials  Screening  - Included  a review  of  the 
literature  to  define  candidate  coatings  and  substrate  alloys 
for  evaluation  in  the  program.  Metallurgical  evaluations 
were  conducted  on  a variety  of  coatings  and  substrate  alloys 
to  define  appropriate  materials  for  wear  rig  testing. 


I 
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Wear  Rig  Evaluations  - Selected  coatings  were  applied 
to  bearing  surfaces  and  evaluated  for  friction  and  wear 
at  temperatures  to  1200®F  in  a foil  bearing  materials 
test  rig.  Other  evaluations  of  coating  performance  such 
as  friction  measurement  and  Coating  appearance  were  also 
conducted. 

A materials  development  logic  diagram  is  provided  in  Figure 
65,  showing  the  sequence  of  events  leading  to  identification  of 
the  best  materials  (coatings  and  alloys)  for  use  in  the  thrust 
and  journal  bearing  test  rigs.  Final  materials  selection  for 
bearing  rigs  was  made  using  information  gained  throughout  the 
program,  and  included  fabrication  and  processing  factors  as  well 
as  oxidation  behavior  and  wear  rig  performance. 

3.4.2  Materials  Survey 

Candidate  coating  and  substrate  alloy  materials  that  appeared 
capable  of  meeting  program  goals,  and  selection  rationale  are 
discussed  in  the  following  paragraphs: 

3. 4. 2.1  Substrate  Alloys 

A previous  AiResearch  funded  activity  utilized  several  shaft 
construction  alloys:  Inconel  718,  Inconel  X-750,  AF2-1DA,  Haynes 

25  (HS-25),  and  AMS  6250.  Of  these.  Inconel  718  and  X-750  and 
Haynes  25  are  the  best  choices  when  considering  fabricability , 
availability,  and  mechanical  properties  at  1200°F.  These  con- 
siderations led  .to  selection  of  Inconel  718  for  the  wear  test  rig 
and  the  journal  bearing  rig  shaft  components.  Inconel  718  also 
demonstrated  compatibility  with  several  coatings  (0X2^2*  ^"2®3^ 
Chromium,  and  AFSL  28)  in  the  above  activity. 
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Selecting  alloys  for  foil  construction  was  more  difficult 
because  of  the  higher  temperatures  generated  at  the  coating  sur- 
face during  turbomachine  start-up  or  shutdown.  Several  super- 
alloys were  considered,  as  well  as  the  more  available  stainless 
steels.  Candidate  alloys  are  presented  in  Table  6 with  several 
properties  that  would  influence  foil  performance  during  coating 
as  well  as  use  in  a bearing.  Observations  of  this  and  other  data 
establish  the  following: 

ta)  Strength  is  generally  acceptable  in  the  temperature 
range  800®-1200®F. 

Cb)  Thermal  expansion  of  these  alloys  is  typically 

quite  high  compared  to  organic  or  ceramic  materials 
that  would  be  considered  for  coatings  (presents 
fabrication  and  performance  difficulties) . 

Cc)  Thermal  conductivity  of  these  alloys  is  generally 
quite  low,  thus  limiting  the  ability  of  the  foil  to 
conduct  heat  away  from  the  coating  during  rubbing. 

Cd)  Data  for  long  term  exposures  at  1200°F  was  gener- 
ally not  available  in  the  literature  and  no  assess- 
ment could  be  defined  quantitatively  (metallurgical 
stability  or  oxidation  resistance) . 

Stainless  steels  and  other  iron  base  alloys  were  eliminated 
from  consideration  due  to  lower  strength  and  elastic  modulus  and 
to  anticipated  poor  oxidation  resistance  at  elevated  temperatures. 
The  best  alloys  for  foils  were  the  nickel  base  alloys  of  the 
gamma-prime  strengthening  type  (IncOnei  718,  X-750,  and  706)  from 
a standpoint  of  strength,  oxidation  resistance,  and  modulus. 

Cobalt  base  alloys  have  good  oxidation  resistance  but  their 
strength  and  elastic  modulus  are  lower  than  the  above  nickel 
alloys.  Therefore,  the  following  alloys  were  selected  as  ini- 
tial candidates  for  foil  materials; 
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(a)  PH  15-7MO  or  17-7PH,  304L  and  446  stainless  steels, 


(b)  A-2&\  iron  base  superalloy. 


(c)  Nickel  base  superalloys  Inconel  X-75C,  Inconel  718, 
Hastelloy  X and  Rene'  41. 


(d)  Haynes  25  or  188  cobalt  base  superalloys. 


These  alloys  were  chosen  primarily  to  provide  a wide  range 
of  compositions  to  evaluate  coating  adherence  and  oxidation  be- 
havior. As  indicated  in  Table  6,  several  alloys  are  of  lower 
strength  and  could  be  considered  only  for  applications  below 
1000“F. 


3. 4. 2, 2 Coatings 


One  of  the  more  critical  factors  affecting  the  successful 
application  of  gas  lubricated  foil  bearings  to  gas  turbine  en- 
gines deals  with  the  selection  of  a solid  lubricant  for  bearing 
surfaces.  The  current  program  requires  bearing  operation  at  tem- 
peratures to  1200"!  and  demands  a solid  film  lubricant  which  is 
advanced  beyond  current  commercially  available  lubricants  such 
as  Teflon,  molybdenum-sulfide  CM0S2) , graphite,  or  graphite- 
fluoride.  Materials  that  may  therefore  be  considered  for  solid 
film  lubricants  must  display  the  following  properties  at  room 
and  1200°P  operating  temperatures. 


Lubricative  qualities  or  high  hardness 


Satisfactory  wear  life 


o Adequate  oxidation  resistance  and  bonding 


Compatibility  with  substrate  materials 
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o High  temperature  stability  (will  not  form 

deleterious  compounds  upon  long  term  exposures) 

o Adequate  strength  and  ductility 

o Satisfactory  tolerance  for  ingested  materials 

These  requirements  eliminate  organic  materials  as  well  as 
many  other  coating  compounds  due  to  the  temperature  environment. 
Finding  a single  compound  that  meets  all  of  the  requirements  also 
is  quite  difficult  and  therefore,  the  use  of  composite  materials 
such  as  NiCr  (metal)  + Cx^C2  (ceramic)  or  the  possible  use  of  one 
type  coating  on  the  rotating  component  and  another  coating  on  the 
stationary  portion  of  the  bearing  were  also  considered.  The  lit- 
erature provided  guidelines  for  selecting  appropriate  materials 
as  well  as,  in  some  cases,  providing  material  choices  and  evalua- 
tions for  the  anticipated  temperature  range.  Table  7 lists  mate- 
rials tested,  based  upon  data  in  the  literature,  or  selections 
based  upon  desirable  physical  and  mechanical  properties  such  as 
high  hardness,  oxidation  resistance,  high  melting  point,  low  fric- 
tion coefficient,  desirable  crystal  structure  (hexagonal,  close- 

packed)  , thermal  expansion  and  thermal  conductivity.  Several 
(2  3) 

materials  ' indicated  survival  of  high  speed  overload,  large 
number  of  start/stop  cycles,  and  good  performance  over  the  entire 
temperature  range. 

(4) 

The  literature  recommended  variations, 

Cap2  or  BaF2  compositions ^ , Ag-Re^^',  or  as  the 

more  promising  high  temperature  materials.  Comments  relating  to 
the  /alue  of  other  materials  such  as  ceramic  oxides  and  cobalt- 
containing  metallics influenced  the  selection  of  other  mate- 
rials listed  in  Table  7.  Many  materials  qualified  as  candidates 
for  coatings  and  therefore  selections  for  screening  efforts  were 
representative  of  various  classes  of  materials. 

(2,3) 


Superscripts  refer  to  the  list  of  references  at  the  back  of 
this  report. 
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Generally,  the  metallic  type  coatings  were  placed  on  the 

- ^ ^ ^ 1.  —j:  4.U»  —r,  ^4- Ko  ) ±-r 


rotating  component  of  the  bearing  as  suggested  by  Murray  to 
reduce  metal  transfer.  The  following  coatings  were  placed  on 


both  shaft  and  foil:  NiCo,  Kaman  Cr202  CDES  and  SCA) , Tribaloy- 


400  and  HS-25  Cnot  a coating,  typically  used  as  an  oxidized 
metal) . Most,  but  not  all  of  the  coatings  (Table  7)  were  evalu- 
ated in  the  materials  screening  activity  (Paragraph  3.4.3).  Some 
were  selected  after  screening  activity  was  concluded,  and  inte- 
grated into  wear  rig  testing.  These  included  NiCo,  Teflon-S  and 
Mrionite-2500.  Discussions  of  these  test  activities  as  well  as 
other  materials  evaluations  are  contained  in  following  paragraphs. 


I.4.2.3  Fabrication  and  Process  Considerations 


The  application  of  materials  to  foil  bearings  required  ad- 
ditional considerations  beyond  their  physical  and  mechanical 
properties.  Matching  a coating  with  substrate  demands  consider- 
ation of  fabrication  methods,  repair  techniques  and  integration 
with  test  rig  design  requirements.  Chemical  compatibility  be- 
tween coating  and  substrate,  as  well  as  coated  surface-to-coated 
surface  also  was  of  concern. 


3 . 4 . 2 . 3 . 1 Chemical  Compatibility 


Chemical  reactions  can  occur  between  materials  at  high  tem- 
peratures that  are  not  observed  at  ambient  temperatures.  Com- 
patibility of  the  coating/substrate  combinations  served  as  one 
of  the  selection  criteria  and  defined  a need  for  stable  mate- 
rials. Only  a few  alloys  and  coatings  evaluated  in  the  program 
were  expected  to  present  compatibility  problems,  and  included  the 
iron  base  alloys  and  the  fluoride  coatings. 


3. 4. 2. 3. 2 Fabrication  Requirements 

Fabrication  procedures  for  coated  shafts  and  foils  were  de- 
fined by  comparing  the  individual  heat  treatment  requirements  of 
the  coating  and  alloy,  and  by  the  appropriate  manufacturing  se- 
quence including  cleaning,  forming,  machining  and  quality  control 
inspections.  The  typical  configuration  of  coated  components  is 
illustrated  in  Figure  66,  where  more  than  one  coating  is  used  to 
obtain  optimum  performance.  Intermediate  coatings  were  used  to 
gain  desirable  wear  properties  or  improved  bonding  between  the 
outer  coating  and  the  alloy  substrate.  An  outer  lubricative  layer 
could  be  used  over  an  intermediate  coating  which  had  good  hard- 
ness or  wear  resistance.  These  are  some  of  the  coating  approaches 
used  during  the  program  and  will  be  defined  (Paragraph  3.4.3)  in 
detail  for  each  of  the  coated  components. 

Wear  resistant  and/or  lubricative  coatings  v/ere  considered 
for  both  foils  and  shafts.  A shaft  can  accept  a wide  variety 
of  coatings,  especially  very  hard  and/or  thick  ones  if  required. 
The  foils,  however,  require  a relatively  thin  coating  (less  than 

0.001-in.  thick),  with  some  degree  of  flexibility.  A wide  variety 
of  techniques  may  be  used  to  apply  coatings  to  metal  substrates, 
as  follows: 

1.  Dipping,  spraying,  or  brushing  followed  by  a thermal 
cure 

2.  Plasma  spraying 

3.  Electrophoresis 

4.  Electrodeposition 

5.  Vacuum  deposition 

6.  Sputtering 

7.  Ion  Plating 

8.  Chemical  diffusion  (such  as  gas  sulfiding  or  seleniding) 


since  temperature  requirements  of  the  program  preclude  using 
organic  and  other  low  temperature  coatings,  only  coatings  with  a 
temperature  capability  greater  than  750°F  were  considered.  Lim- 
ited testing  was  also  conducted  with  Teflon-S  as  a baseline  bear- 
ing coating. 

Coated  component  fabrication  was  therefore  based  upon  many 
factors  and  varied  from  coating  to  coating.  Generally,  fabrica- 
tion procedures  for  shafts  differed  somewhat  from  foils.  Shaft 
outside  diameters  were  achieved  by  one  of  two  approaches.  In  the 
first,  the  shaft  was  machined  to  final  dimension  with  a high 
quality  finish,  which  would  accommodate  very  thin  0.00004-in. 
(10,000  angstroms)  sputtered  coating.  The  second  approach  in- 
volved machining  to  approximately  2-6  mils  undersize  on  the  out- 
side diameter  with  a rough  finish,  to  accommodate  thick  coatings 
(1-3  mils)  applied  by  bulk  techniques  such  as  dipping  or  plasma 
spraying,  then  machining  back  to  final  size  and  finish. 

Foil  fabrication  involved  the  use  of  0.006-in.  thick  alloy 
stock  which  presented  a variety  of  problems  during  processing. 
Foils  had  the  tendency  to  distort  during  heat  treatment  and  roll 
forming  as  well  as  during  the  coating  process  itself.  Foil  fab- 
rication typically  involved  a series  of  operations  requiring,  for 
each  coating  under  consideration,  definition  of  the  proper  foil 
forming,  heat  treatment,  and  coating  application  sequence. 

Most  coating  activities  were  performed  by  commercial  vendors 
while  fabrication  and  heat  treatment  were  primarily  done  at 
AiResearch.  Foil  curvature  was  performed  on  a two-roll  bending 
device  by  compressing  the  foil  between  a large  diameter  (6-in.) 
rubber  roll  and  a small  diameter  steel  roll  (1/2-in.  diameter) . 
Compression  severity  defined  the  foil  curvature  radius. 

Process  control  requirements  for  coated  shaft  and  foil  fab- 
rication typically  included  the  following; 
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Shafts  and  Foils 

Ca)  Composition  - AMS  specifications 

Cb)  Heat  treatment  - AMS  or  AiResearch  specifications 

(c)  Cleaning  -*  AiResearch  specifications 

(d)  Surface  finish  - appropriate  for  particular  situation 
Coatings 


Ca)  Composition  - vendor  or  AiResearch  specifications 
or  specialised  program  requirements 

(b)  Heat  treatment  - compatible  with  coating  and  alloy 

(c)  Thickness  - varied  from  angstrom  range  to  several  mils 


m> 


Cd).  Surface  finish  - desired  at  4-8  rms  or  as  feasible 


Ce)  Application  - best  method  for  situation 


3.4.3  Materials  Screening 


The  initial  portion  of  the  materials  development  program 
was  devoted  to  screening  alloys  for  substrates  (shaft  and  foil) 
and  coatings,  for  1200“F  operation  in  air.  Material  screening 
was  performed  by  various  metallurgical  examinations  such  as  ten- 
sile and  bend  testing,  hardness,  metallography  and  thermal  expo- 
sures to  evaluate  oxidation  and/or  thermal  stability.  Results  of 
these  evaluations  led  to  the  selection  of  coatings  and  alloys  for 
wear  rig  tests  to  evaluate  friction  and  wear. 


3. 4.3.1  Substrate  Alloys 


Six  alloys  were  selected  for  shafts  or  foils  and  metallur- 
gical evaluations  conducted  to  define  the  appropriate  alloy  (s), 
Haynes  25,  Inconel  718  and  X-750  were  considered  for  shaft 


construction  while  304L  and  446  stainless,  Inconel  718  and  X-750, 
Haynes  215,  and  Hastelloy  X were  evaluated  for  foil  construction. 

3 . 4 . 3 . 1 . 1 Alloy  Thermal  Exposures 


Six  alloys  (0. 006-in.  foils)  were  exposed  to  1200“F  air  for 
periods  of  20,  168  and  550  hours  in  order  to  evaluate  oxidation 
behavior,  microstructural  changes  and  hardness.  All  alloys  dis- 
played acceptable  oxidation  resistance,  with  304L  providing  the 
poorest  performance  due  to  formation  of  0.0002  inch  of  oxide 
after  500  hours  of  exposure. 


Ilicrostructures  of  each  alloy  are  shown  in  Figures  67  and  68 
for  the  as-received  samples  and  those  exposed  to  1200“F  550 
hours.  The  446  stainless.  Inconel  718  and  Inconel  X-750  alloys 
appeared  the  least  affected  by  thermal  exposure.  All  other 
alloys  show  grain  boundary  precipitation.  The  Haynes  25  showed 
this  precipitation  after  an  exposure  in  excess  of  20  hours  while 
the  304L  stainless  and  Hastelloy  X developed  it  with  exposures  of 
less  than  20  hours.  Microstructures  indicate  446SS,  Inconel  718 
(aged)  and  Inconel  X-750,  solution-treated  or  aged,  would  be  the 
preferred  alloys  for  use  in  the  12  00'’F  range. 


Measurements  indicated  negligible  change  in  inicrohardness 
for  Hastelloy  X,  aged  Inconel  X-750  and  possibly  446  stainless 
steel.  Minor  hardness  increases  followed  by  decreases  were  ob- 
served for  304L  stainless  and  solutioned  Inconel  X-750,  while 
Inconel  718  and  Haynes  25  decreased  in  hardness  upon  increased 
thermal  exposure.  Alloys  Hastelloy  X and  Inconel  X-750  (aged) 
maintained  hardness  through  the  several  exposures  and  would  be 
considered  stable  and  therefore  desirable  alloys  for  long-term 
operation. 


Based  upon  thermal  stability,  alloys  446SS,  Inconel  718  and 
X-750  were  considered  good  candidates  for  shaft  construction. 
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Figure  67.  Influence  of  Thermal  Exposure  on  the  Microstructure  of  Three  Alloys 


while  Inconel  X-750  was  the  preferred  material  for  foils.  Use  of 
446SS  was  not  recommended  unless  additional  testing  would  verify 
its  capability  in  the  800®  to  1000®F  range.  The  distinction  in 
material  selection  here  was  based  upon  the  need  for  1200“F  capa- 
bility for  foils  but  somewhat  lower  temperatures  for  shaft  mate- 
rials due  to  its  cooler  operation. 

3. 4. 3. 1.2  Foil  Alloy  Tensile  Properties 

Three  candidate  high  temperature  foil  alloys  were  evaluated 
for  tensile  properties  at  several  temperatures  and  also  after  long 
term  thermal  exposures  (Table  8) . Strength  properties  of  the 
three  alloys  are  decreased  at  test  temperatures  above  1000 °F  as 
would  be'  expected.  The  1315®F/484-hour  exposure  promoted  mixed 
results  among  the  alloys # the  most  critical  being  ductility  re- 
ductions. Low  ductility  for  Inconel  718  and  X-750  at  temperatures 
above  1000®F  would  cause  problems  under  high  stress  or  fatigue 
situations.  The  long  term  exposure  improved  the  ductility  of 
Inconel  718  at  1300°F. 

Tensile  properties  generally  showed  all  three  alloys  to  have 
various  deficiencies  and  that  no  single  alloy  could  be  chosen 
above  the  others,  the  Inconels  displaying  high  strength  but  very 
low  ductility,  while  the  Haynes  25  showed  low  strength  but  good 
ductility  at  high  test  temperatures.  The  Haynes  25  showed  a high 
tendency  for  microstructural  instability  in  the  1200 °F  range  and 
would  be  expected  to  show  further  degradation  with  additional 
thermal  exposure.  Inconel  alloys  appeared  adequate,  based  upon 
the  best  combination  of  strength  and  ductility  at  high  tempera- 
tures. 
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3. 4. 3. 1.3  Compatibility  with  Coatings 


Limited  thermal  exposure  tests  were  performed  on  the  only 
two  coatings  [NASA  fluoride  and  Kaman  CT202  (DBS)]  expected  tc 
display  possible  chemical  incompatibilities  with  substrate 
alloys.  These  results  (presented  later  in  Section  3. 4. 3. 2) 
indicated  an  incompatibility  of  the  fluoride  coating  with  the 
stainless  steels  and  HS-25  but  not  with  the  Inconel  alloys. 

3. 4. 3. 1.4  Selection  of  Final  Alloys 

For  shaft  applications  (both  wear  rig  and  full  scale  journal 
and  thrust  bearing  rigs)  Inconel  718  was  the  primary  selection 
with  Inconel  X-750  and  HS-25  as  acceptable  substitutes.  Inconel 
X-750  was  specified  for  foils,  and  Inconel  718  and  HS-25  were 
adequate  substitutes. 

3. 4. 3. 2 Coatings 

Various  coatings  were  applied  to  substrate  alloys  and  evalu- 
ated for  resistance  to  long  tern  thermal  exposure.  Selected  coat- 
ings were  all  expected  to  show  good  wear  and/or  lubrication 
qualities  but  their  thermal  behavior  remained  to  be  established. 
Behavior  of  the  selected  coatings  in  the  1200”F  temperature  range 
was  evaluated  by  the  tendency  to  spall,  oxidize  or  deteriorate  in 
static  thermal  exposure  tests.  Other  criteria  used  to  accept  or 
reject  coatings  were  integrity  and  surface  finish. 

The  selected  coatings  are  tabulated  in  Paragraph  3. 4. 2. 2. 

All  candidate  shaft  coatings  were  applied  to  Inconel  718  bar 
stock,  ground  tc  final  diameter  and  finish,  inspected,  and  sub- 
jected to  thermal  tests.  Foil  coatings  were  applied  to  several 
foil  alloys,  inspected,  and  subjected  to  thermal  testing. 
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3. 4. 3. 2.1  Inspection  of  Coated  Materials 


Three  groups  of  coated  foils  and/or  shafts  received  from 
Union  Carbide  Corporation,  NASA  Lewis  Research  Center  and  Kaman 
Sciences  were  visually  exaimined.  The  five  UCAR  coatings  appeared 
well  bonded  and  adequate  for  thermal  testing.  NASA  (Ba,Ca)F2 
coating  appeared  to  be  well  bonded  to  all  alloys  but  considerable 
foil  distortion  was  observed.  Kaman  coatings  (Figure  69)  also 
were  well  bonded  and  the  foils  with  thin  coatings  (nominal  0.5 
mils)  exhibited  only  slight  distortion,  whereas  the  thicker  coat- 
ing Cnominal  2.0  mils)  promoted  considerable  distortion.  Of 
these  three  groups  of  coatings,  the  Kaman  coatings  appeared  the 
best,  although  they  were  expected  to  be  subject  to  some  cracking 
and  spalling  due  to  coating  thickness. 

A supply  of  sputter-coated  Inconel  X-750  foil  was  procured 
(Figures  70  and  71)  to  provide  one  set  of  bearings  of  each  of  12 
coatings  for  materials  wear  rig  testing.  Additional  material 
also  was  available  for  preliminary  laboratory  evaluations  (thermal 
exposure,  bend  tests,  adherence  tests  and  high  resolution  micro- 
scopy) . Most  of  the  sputter  coatings  had  good  adherence  except 
for  TiN,  Si^N^,  and  gold  overcoat  on  the  TiB2.  A variety  of  de- 
fects was  observed  among  the  sputtered  coatings  including  evi- 
dence of  poor  cleaning  of  the  foil  prior  to  coating  (Figure  70A) , 
lack  of  coating  adherence  (Figure  7 OB) , and  target  imprint  image 
(Figure  71,  A and  B) . 

3. 4. 3. 2. 2 Thermal  Exposure  Testing 

Several  coated  foil  and  bar  samples  were  exposed  to  1200°F 
ajr  for  a period  of  514  hours  and  then  to  approximately  100 
cycles  of  alternate  heating  and  cooling  between  300°F  and  1200®F 
(rapid  rates) . Coatings  evaluated  were; 


□ 

r ^ 

I 

1 

1 

, bh^ 

1 I I I 1 I I I I ! r • ' , : ' , 1 1 ' ■ ■ i ■ : : 

■ 

. : P 1 

rt 

'n'ii,hMMMMiP  ' ‘i  '! 

f / — 

[ (garrettJ 

' VA  V 

- ■ - r : - ••  - •■' 

(a)  Thick  coatings  Cl  to  5 mils)  on  Inconel  718  bar; 
Tribaloy-400,  lletco  45VF,  Kaman  SCA,  UCAR  LC-9, 

UCAR  LC-IG,  UCAR  WT-1,  UCAR  LW-5 , UCAR  LW-1, 

NASA  (Ba,Ca)F2,  Co  and  NiCo  Electroplate. 

(b)  Kaman  DES  (thin  coating)  and  NASA  (Ba,Ca)F2  (thick 
coating)  on  several  foil  alloys?  304L  and  4*46 
stainless,  Inconel  718  and  X-750  and  Haynes  25. 

Cc)  Control  alloys;  included  Inconel  718  bar  and  the 
alloys  listed  in  (b) . 

Results  of  thermal  exposure  in  1200°F  air  for  500  hours  are 
shown  in  Figure  72  and  indicate  that  three  coatings  (UCAR  OT-1, 
LW~1,  and  LC-9)  should  not  be  used.  Thermal  cycle  tests  indi- 
cated that  UCAR  WT-1  and  LC-9  coatings  did  not  perform  well  (Fig- 
ure 73t.  Visual  examination  of  all  samples  showed  spalling  for 
the  LW-1,  LC-9,  and  LC-lC  coatings  and  oxidation  of  the  NASA 
(Ba,CaiF2  composition.  The  remaining  coatings  were  all  consid- 
ered acceptable  for  long  term  1200°F  use  in  foil  bearing  appli- 
cations. 

The  Kaman  and  UCAR  coatings  all  showed  good  bonding  after 
exposure  and  no  indication  of  detrimental  coating-to-substrate 
interactions  (Figure  74).  However,  the  (Ba,Ca)F2  coating  did 
show  interactions  with  substrate  alloys,  particularly  the  stain- 
less steels  and  Haynes  25.  Metallographic  examination  indicated 
two  phenomena  occur  with  thermal  exposures  of  increasing  time; 

(1)  the  (Ba,Ca)F2  coating  increases  in  thickness  (0.3  mils  to 
0.8  mils)  and  (2)  the  base  metal  develops  an  increasing  reaction 
zone  (Figure  75).  This  reaction  was  considerably  reduced  when 
the  coating  was  applied  to  Inconel  alloys,  which  were  therefore 
the  preferred  choice  for  use  with  fluoride  coatings. 
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Figure  74.  Typical  Appearance  of  coatings  After  Long  Terra 
Exposure  (800  Hours)  and  Therraal  Cycling  (100 
Cycles)  at  1200'’F.  Coating  is  Karaan  SCA. 
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Figure  75.  CBa,Ca)F2  Coated  Haynes  25  Alloy  Foil. 
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3.4.3. 2.3  Coating  Surface  Evaluation 


Several  coatings  were  evaluated  by  scanning  electron 
microscopy  (SEM)  for  surface  degradation  subsequent  to  heat 
treatment  at  1200°F  for  260  hours  and  after  deformation  by  bend- 
in^'  about  a 1/8-in.  diameter  mandrel.  Most  of  the  coatings  were 
sputtered  materials  (Table  9)  but  two  thick  coatings  also  were 
evaluated  (NASA  Fluoride  and  Kaman  DES) . The  primary  objective 
was  to  evaluate  cracking  severity  in  various  coatings,  and  how 
it  was  influenced  by  heat  treatment  in  order  to  anticipate  dif- 
ficulties during  fabrication  of  foils  for  wear  rig  testing. 


All  coatings  cracked  after  the  severe  deformation  bend  as 
typically  shown  by  Figure  76  (illustrations  of  the  other  examined 
coatings  are  compiled  in  Appendix  A) . The  crack  interval  (average 
distance  between  cracks)  for  each  coating  in  the  as-coated  and  in 
the  heat  treated  conditions  (Figure  77)  indicated  several  trends: 


o Most  coatings  showed  improved  ductility  after  heat 
treatment,  the  exceptions  being  TiB2,  TiM  and  Si^N^. 


o The  best  ductility  coatings  were  (Ba,Ca)F2, 


Cr202/  B^C,  and  Tribaloy-400. 


When  coating  thickness  was  considered,  the  fluoride 
was  extremely  ductile  and  the  Kaman  DES  became 
equivalent  to  the  best  sputtered  thin  coatings. 


Two  coatings,  TiN  and  Si^N^  visually  showed  spalling 
associated  with  sputtering  difficulties  and  therefore 
were  not  excluded  from  future  consideration. 
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Thick  INCONEL  X-250  Foil  Bent  Around  A 1/8-In.  Diameter 
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Several  coatings  also  showed  surface  structural  changes 
independent  of  cracking  as  a result  of  thermal  exposure  (Figure 
76).  These  changes  included  grain  growth,  crystallization  (Fig- 
ure 76,  arrows),  coating  homogenization  and  surface  roughening, 
resulting  from  relatively  high  temperature  and  long  time  exposure, 
and  would  be  much  less  for  short  time  rig  tested  foils. 


Coatings  that  did  not  form  deleterious  surface  growths 
(Appendix  A)  and  therefore  are  considered  stable  for  long  term 
use  included; 


(a)  TiB, 


(b)  Tic 


Cc)  B^C 


td) 


(e)  CrO^  (sputtered  or  Kaman  DBS) 

(f)  Tribaloy-400 


Surface  roughening  may  d<igrade  friction  and  wear  behavior, 
and  therefore  may  serve  as  criteria  for  rejecting  the  following 


coatings: 

ta) 

^^2®3  ^^2°3 

Cb) 

TiN 

(c) 

CrjC^ 

(d) 

CaF^  overcoat  on  Ti32 

(e) 

Gold  overcoat  on  TiB2 

3. 4.3. 3 

Selection  of  Materials  : 

The  more  promising  materials  for  further  testing  in  the  wear 
rig  are  listed  in  Table  10  and  show  a wide  range  of  promising 
qualities  for  high  temperature  wear  resistance  and  lubrication. 
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TABLE  10 

MATERIAL  SELECTIONS  FOR  WEAR  RIG  TESTING 

Est.  Max. 


Temp.  Coating 

Capability  Application 


Component 

Material 

(“F) 

Method 

Shafts 

Inconel  718 

1200 

HS-25 

1200 

•MM 

Foils 

Inconel  X-750 

1200 

HS-25 

1200 

— — 

Shaft 

HS-25/  Oxidized,  not 

>1200 

Coatings 

coated 

NiCo  (60  to  80%  Co),  ox. 

^1200 

Electroplate 

Tribaloy-400,  oxidized 

''^1200 

Plasma  Spray 

UCAR  LW-5,  (W/Cr)C-NiCr 

>1200 

"D-gun” 

Kaman  SCA,  Si02  + 

>1300 

Sintered  slurry 

Foil 

CrjOj  + Al2°3 
HS-25,  oxidized,  not 

>1200 

Coatings 

coated 

NiCo,  oxidized 

'>'1200 

Electroplate 

Kaman  DES,  Cr20^ 

>1300 

Sintered  slurry 

(Ba,Ca)F2/  NPI 

<1200 

Sintered  slurry 

(Ba,Ca)F  -silicate 

-^1200 

Sintered  slurry 

NASA 
Tef lon-S 

'V550 

Baked  slurry 

Tribaloy  400 

^,1200 

sputtered 

TiB2 

>1200 

Sputtered 

TiB2+Au  overcoat 

<1200 

Sputtered 

TiB~+CaF„  overcoat 

<1200 

Sputtered 

<1200 

Sputtered 

<1200 

Sputtered 

Tie 

>1200 

Sputtered 

B4C 

>1200 

Sputtered 

^^3^2 

<1200 

Sputtered 

All  materials  that  had  displayed  reasonable  temperature  capabili- 
ties (greater  than  800“F)  are  included/  as  well  as  Teflon-S,  which 
was  the  baseline  coating  material.  Several  materials  were  elim- 
inated from  further  study: 

(a)  UCAR  coatings  LW-1,  WT-1  and  LC-9  dropped  due  to  inade- 
quate 1200®F  temperature  capability. 

(b)  UCAR  coating  LC-lC  dropped  due  to  1200°F  degradation  of 
surface  of  the  similar  sputtered  Cr^C2  coating/  which 
is  the  hard  constituent  of  the  LC-IC  coating. 

(c)  Metco  45VF  dropped  due  to  poor  surface  finish  that  may 
be  related  to  plasma  spray  technique  rather  than  the 
coating  composition. 

(d)  Sputtered  TiN  and  Si^N^  were  not  tested  due  to  spalling 
of  the  coating.  TiN  also  showed  surface  growth  struc- 
tures. 

Spalling  of  item  (d)  coatings  was  associated  with  the  sputtering 
technique/  and  improvements  could  be  made.  On  this  basis  it 
would  be  recommended  that  Si^N^  be  considered  for  future  testing 
as  a high  temperature  wear  coating. 

3. 4. 3. 4 Materials  Screening  Summary 

Metallurgical  evaluations  were  conducted  on  several  alloys 
for  use  either,  as  rotating  shafts  or  journal  foils  and  on  coat- 
ings for  use  on  both  bearing  components.  Shaft  alloy  selection 
was  limited  to  three  alloys  (Inconel  718/  Inconel  X-750/  and 
Haynes  25)  with  Inconel  718  selected  for  wear  rig  shafts.  Foil 
alloy  candidates  were  selected  from  a variety  of  stainless  steels 
(300/  400  and  precipitation  hardening  grades)  and  superalloys 
(Ni/  Co  and  Fe  base).  Tensile  testing  (to  1300®F)  and  long  term 
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thermal  exposure  tests  (at  1200®F)  selected  Inconel  X-750  for 
wear  rig  foil  fabrication  with  Inconel  718  and  Haynes  25  accept- 
able substitutes. 

Twenty-four  materials  were  evaluated  for  use  as  wear/ 
lubricative  coatings  on  shafts  and  foils.  Sixteen  coatings  were 
chosen  for  further  wear  rig  testing  on  the  basis  of  resistance 
to  oxidation  at  1200®P,  fracture  characteristics  upon  bending, 
surface  finish,  bonding  quality,  and  fabrication  requirements. 

The  better  coatings,  having  desirable  qualities  in  the  above 
categories,  included  Kaman  DES  and  SCA,  TiB2 , TiC  and  B^C. 

3.4.4  Materials  Wear  Rig 

3. 4. 4.1  Wear  Rig  Design 

A high  temperature  materials  wear  test  rig  previously  used 
for  company  funded  foil  bearing  studies,  was  modified  to  increase 
ar.d  improve  its  capabilities  for  this  program.  The  modified  rig, 
shown  schematically  in  Figure  78,  included  the  following  perti- 
nent features: 

(a)  Inertia  Capability  - An  inertia  section  was  added  to 
the  drive  train  to  simulate  engine  start-up  and  shut- 
down behavior.  The  section  could  be  varied  from  an 
inertia  of  the  normal  rotating  parts  (no  inertia 
weight  added)  through  two  intermediate  values  to  a 

maximum  inertia  nearly  double  the  expected  engine 

2 

value  (I  = 0.35  in-sec  ). 

P 

(b)  Power  Turbine  - A larger  power  turbine  was  incorpor- 
ated in  order  to  obtain  sufficient  acceleration  of 
the  bearing  shaft  and  inertia  weight.  High  acceler- 
ations v/ere  required  in  order  to  ensure  foil  lift-off 
before  excessive  frictional  heating  occurred. 
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(c)  Torque  Sensing  - The  torque  sensing  system  was  modified 
to  gain  better  sensitivity.  A low  speed  motor  (100- 
200  rpm)  was  incorporated  to  allow  constant  contact 
conditions  for  evaluation  of  friction  from  torque  data 
under  reproducible  conditions. 

(d)  Shaft  Design  - A four-segment  hollow  shaft  replaced  a 
single  solid  shaft.  This  allowed  thermal  conditions 
approximating  a hollow  engine  shaft.  The  segmented 
design  was  incorporated  in  order  to  replace  a single 
section  when  it  became  unusable/  without  replacing 
the  entire  shaft  assembly. 

(e)  Soak  Back  Heater  - An  electrical  resistive  coil  heater 
surrounding  the  shaft  in  one  location  was  incorporated 
to  simulate  turbine  heat  soak  back  and  its  influence 
on  bearing  performance.  The  heater  was  placed  between 
the  two  bearings  on  the  end  opposite  the  turbine  drive. 

The  wear  rig,  installed  in  a high  temperature  oven,  is  shown 
in  Figure  79  with  the  slow  speed  motor  engaged  with  the  high  speed 
turbine.  Component  placement  is  illustrated  in  Figure  80.  Drag 
torque  measurements  were  made  during  all  rig  tests  by  sensing  the 
frictional  force  exerted  on  the  bearing  carrier  housing  by  the 
rotating  shaft. 


Bearing  assembly  temperatures  were  measured  at  end  capscrew 
locations  on  two  of  the  bearing  housings  (Figure  80) . This  loca- 
tion nearly  1/4-inch  away  from  foils,  was  the  most  appropriate 
since  anchoring  thermocouples  directly  to  the  foils  was  detri- 
mental to  foil  performance.  As  a result,  no  direct  tempera  cure 
measurements  were  made  on  foils  where  peak  temperatures  would 
occur  as  a result  of  frictional  heating. 

3. 4. 4. 2 Fabrication  of  Wear  Rig  Foil  Bearings 

Wear  rig  bearing  components  fabrication  followed  the  sched- 
ule described  in  Paragraph  3. 4. 2. 3. 2.  Some  components,  however. 
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Figure  79,  Materials  Wear  Test  Rig  Installed  in  High~Temperature  Oven 


required  special  processing  because  of  the  coating  applied  and 
the  compatibility  of  the  thermal  treatments  given  the  coating  and 
the  alloy  substrate.  These  special  processes  are  described  in 
Table  11. 

Foil  bearings  tested  in  the  wear  rig  were  of  the  same  con- 
figuration, but  smaller  than  those  for  the  large  journal  bearing 
rigs.  Wear  rig  shafts  were  2.0-in  diameter  and  foils  were  formed 
to  a 1.45  +0. 05-in  radius  of  curvature.  The  sway  space  (measured 
diametral  clearance  with  the  shaft  inserted)  was  typically  0.010- 
in.  but  varied  depending  upon  the  thickness  of  foil  coatings 
which  ranged  from  near  zero  to  0.002-in. 

3.4.5  Materials  Wear  Rig  Testing 

3. 4. 5.1  Test  Approach 

The  wear  test  rig  (Figure  79)  was  capable  of  being  turned 
by  hand,  driven  by  a slow  speed  electric  motor  (157  rpm) , or  ac- 
celerated to  high  speeds  (20,000  rpm  or  above)  by  an  air  turbine. 
This  provided  the  desired  flexibility  to  monitor  bearing  wear  and 
torque  response  from  test  to  test. 

The  shaft,  with  its  appropriate  coating  was  supported  in 
four  foil  bearings  (eight  foil  segments  each) , also  with  coated 
surfaces.  The  middle  two  bearings  were  contained  within  a hous- 
ing, connected  by  cable  to  a load  cell  to  measure  bearing  friction 
torque.  This  torque  was  a function  of  the  friction  coefficient 
between  shaft  coating  and  foil  coating,  the  applied  load  on  the 
bearings  and  the  contact  (spring)  load  imposed  by  each  foil 
against  the  shaft.  The  friction  coefficients  for  several  coating 
combinations  were  measured  (Section  3. 4. 5. 6)  and  found  between 
0.08  and  0.23,  the  applied  load  was  8 pounds  (1  psi  on  the  center 
two  bearings)  but  the  contact  load  could  not  be  measured  and 
therefore  the  actual  load  of  the  foil  against  the  shaft  could  not 
be  determined.  The  load  cell  signal  was  transmitted  to  a chart 
recorder  calibrated  in  inch-pounds  of  torque.  The  amount  of 
friction  torque  developed  between  foils  and  the  rotating  shaft 


TABLE  11 

SPECIAL  FABRICATION  OF  WEAR  RIG  BEARING  COMPONENTS 


Component 


Coatinc 


Processinc 


Shafts 


HS-25 

Tribaloy-400 


Machine  coated  surface  final  and 
then  oxidize  at  1000®F/2  hrs 


Shaft 


NiCo 


Lap  coated  surface  and  then  oxi- 
dize at  800°F/2  hrs 


Foils 


HS-25 


NiCo 


Oxidize  at  1000°F/2  hrs 

Do  not  oxidize  due  to  distortion 


(Ba,Ca) F, 


(Ba,Ca)F2  - 
Silicate 


Lap  lightly  with  600  grit  or 
finer  after  coating 

Lap  lightly  with  600  grit  or 
finer  after  coating 


could  be  measured  at  all  times  whether  the  rig  was  turbine-driven 
or  hand-turned  (or  at  elevated  temperature.)  Torque  served  as 
the  primary  measurement  to  evaluate  coating  performance  over  the 
70°-1200°F  temperature  range.  Visual  and  microscopic  examina- 
tions were  used  to  evaluate  wear  behavior. 

The  initial  approach  used  for  testing  coated  foils  against 
coated  shafts  was  later  modified  due  to  wear  rig  performance 
problems  (discussed  in  Paragraph  3. 4. 5. 2).  The  initial  sequence 
of  events  for  slow  speed  tests  was  as  outlined  below; 

(a)  Build  bearing  section  with  set  of  four  coated  shaft  seg- 
ments and  four  sets  of  coated  foils. 

(b)  Measure  sway  space  in  bearing  section. 

(c)  Assemble  rig  and  install  in  oven. 

(d)  Make  room  temperature  torque  measurement  while  rotating 
shaft  by  hand.  A torque  wrench  was  used,  which  would 
read  torque  of  all  four  bearings  while  the  load  cell  in- 
dicated torque  only  on  the  center  two  bearings. 

(e)  Rotate  shaft  at  157  rpm  for  10  minutes  at  each  test 
temperature  (room  temperature,  400‘’F,  800°F,  1000“F, 
and  in  some  cases,  1080°  or  1200°F) . Center  bearing 
torque  and  temperature  were  monitored  continuously. 

(f)  Hand  torque  measurements  also  were  taken  after  each  ele- 
vated temperature  run  as  well  as  at  room  temperature 
after  the  final  run. 

The  above  approach  was  later  modified  (after  Test  15)  to  run 
for  less  than  10-minute  periods,  due  to  test  rig  difficulties, 
(described  in  Section  3. 4. 5. 2).  Test  temperatures  above  1000°F 
also  were  abandoned  because  of  these  difficulties. 
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High  speed  testing  approach  was  very  similar  as  outlined 


below; 


(a)  Bearing  section  build  with  coated  components 


''•^  1 


(b)  Sway  space  not  measured  but  was  calculated 


(c)  Install  bearing  section  in  rig  and  oven. 

(d)  Make  room  temperature,  hand-driven  torque  measurement. 

(e)  Run  shaft,  using  turbine  drive  to  reach  foil  lift  off. 
Lift  off  occurs  when  hydrodynamic  forces  separate  foils 
from  the  rotating  shaft.  Torque  therefore  starts  high 
and  as  speed  approaches  lift  off,  torque  gradually 
drops  to  a low  level. 


(f)  Shut  down  turbine  drive  air  supply  and  allow  shaft  to 
decelerate,  touch  the  foils,  and  stop.  Torque  again 
will  rise  upon  touchdown. 


tg)  Repeat  Steps  (e)  and  Cf)  to  give  desired  number  of 
start/stop  cycles  to  complete  test. 

(h)  Hand-driven  torque  measurements  taken  at  conclusion  of 
testing. 

The  above  procedures  allowed  reax-time  monitoring  of  bearing 
coating  performance  or  degradation.  As  a result,  teardown  in- 
spections of  bearings  after  each  test  condition  change  were 
eventually  discontinued  and  testing  proceeded  much  faster  and 
with  less  influence  from  teardown  damage. 


3. 4. 5. 2 Wear  Rig  Performance  Difficulty 

Premature  wear  of  foils  and  higher  than  normal  torque  values 
indicated  changes  in  wear  rig  performance,  especially  at  tempera- 
tures near  600“F  and  above.  This  prompted  a re-evaluation  of  rig 
dimensional  integrity,  which  indicated  a localized  50  percent  re- 
duction of  sway  space  (0.006  inch)  at  room  temperature.  The  in- 
creased torque  values  were  therefore  attributed  to  distortion  of 
the  bearing  housing  and  components  caused  by  thermal  cycling 
particularly  due  to  a test  at  1200°F  (Test  13).  This  distortion 
appeared  to  increase  with  higher  temperature  (>600°F) , resulting 
in  higher  than  actual  torque  values  at  elevated  temperature. 
Therefore,  torque  values  for  tests  conducted  after  Test  13  are 
believed  to  be  higher  than  actual,  reflecting  the  influence  of 
rig  misalignment.  This  condition  was  not  full\  realized  until 
after  Test  26,  whereupon  test  durations  of  ten  minutes  were  re- 
duced to  near  10  seconds  to  minimize  bearing  wear. 

3. 4. 5. 3 Wear  Rig  Low  Speed  Test  Results 


Thirty-nine  slow  speed  tests  were  conducted  with  a summary 
of  torque  values  compiled  in  Appendix  A.  Real-time  torque  mea- 
surements were  obtained  at  various  temperatures  for  the  foil  vs 
shaft  coatings  indicated  in  Table  10.  Five  shaft  coatings  were 
evaluated  by  running  against  Teflon-S  coated  foils.  Data  is  sum- 
marized in  Table  12  according  to  best  performance  at  the  end  of  a 
10-minute  run  at  room  temperature.  Of  the  five  shaft  coatings, 
NiCo  (oxidized  or  unoxidized) , HS-25  (oxidized) , Tribaloy-400 
(oxidized) , and  Kaman  SCA  appeared  satisfactory.  NiCo  (oxidized) 
and  Tribaloy-400  (oxidized)  were  the  best  when  400°F  torque  values 
were  considered.  This  data  also  indicated  Tribaloy-400  friction 
characteristics  were  improved  by  heat  treatment  to  form  an  oxide 
surface  layer  (Tests  3b  and  3a)  whereas  NiCo  did  not  benefit  by 
oxidation  of  the  surface  (Tests  2c  and  2b) . 


TABLE  12 

TORQUE  MEASUREMENTS  FOR  VARIOUS  SHAFT  COATINGS  RUN  AGAINST 

RUN  AGAINST  TEFLON-S  COATED  FOILS* 

Bearing  Torque  (in. -lb) 
at  157  rpm** 


Room  Temperature 


400°F 


Test 

No. 

Shaft  Coating 

At  Start 

After 
10  min 

At  Start 

After 
10  mi: 

2c 

NiCo  (not  oxidized) 

11 

14 

3 

9 

2b 

NiCo  (oxidized) 

13 

15 

6 

5 

1 

HS-25  (oxidized) 

13 

15 

11 

14 

3b 

Tribaloy-400  (oxidized) 

12 

17 

4 

5 

8 

Kaman  SCA 

13 

20 

12 

9 

9 

NiCo  (oxidized)*** 

30 

21 

25 

11 

7 

UCAR  LW-5  + gold 
overplate 

23 

34 

17 

16 

4a 

UCAR  LW-5 

24 

42 

— 

— 

3a 

Tribaloy-400  (not 
oxidized) 

70 

.. 

mmmrn 

*Ranked  according  to  room  temperature  torque  after  10-min  run. 

**Torque  values  corrected  for  wear  of  Teflon  over  11  tests. 

***The  NiCo  coated  shaft  had  been  run  a total  of  60  min  prior  to 
this  test,  shows  effect  of  wear  on  torque  (compare  to  Test  2b) 


Only  the  UCAR  LW-5  shaft  coating  was  rejected  by  this 
testing  (Test  4a)  and  efforts  to  improve  its  performance  by  ap- 
plying an  electroplated  gold  layer  promoted  only  a modest  decrease 
in  torque. 

Foil  coatings  were  ev'aluated  by  running  against  one  of  three 
coated  shafts,  Kaman  SCA,  NiCo  and  Tribaloy-400 . Results  of 
these  wear  rig  tests  are  plotted  in  Figure  81  with  the  better 
coatings  shown  first.  These  foil  coatings  are  cla  -sified  accord- 
ing to  lowest  torque  values  at  all  temperatures,  as  follows: 


Best 

Moderate 

Poor 

Kaman  DBS 

^3^2 

(Ba,Ca)F2 

^"2*^3  ^^2^3 

TiB2  + Au  overcoat 

Tribaloy-400 

TiB2 

^^2^3 

HS-25  (oxidized) 

Tic 

B4C 

(Ba,Ca)F2* Silicate 

Several  coatings  were  not  evaluated  in  the  wear  rig  as 
planned  due  to  a variety  of  problems.  These  included  the  electro- 
plated NiCo  (coating  too  thick  for  rig  tolerances)  and  sputtered 
TiE2  with  CaF2  overcoat  (used  as  a partial  setup  in  another  test 
that  degraded  the  foils) . 

Visual  examination  of  foils  and  shafts  (Figure  82)  subse- 
quent to  wear  rig  tests  provided  only  a crude  appraisal  of  rela- 
tive wear  resistance  since  a wide  range  of  test  ti”^es  and  condi- 
tions were  used.  Tests  were  divided  into  three  categories:  long 

term  (greater  than  20  minutes  total  running  time  from  all  tempera- 
tures) , medium  time  (3  to  6 minutes  total  running  time)  and  short 
time  (0.1  to  1.1  minutes  total  time).  Coatings  were  ranked 
according  to  wear  appearance  (wear  appearance  rank  categories  are 
shown  in  Figure  83  and  Table  13) . A limited  assessment  may  be 
made  by  comparing  coatings  within  the  test  time  categories  but 
due  to  the  varied  test  times  and  rig  misalignment  difficulties 
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TORQUE,  in. -lbs 


SPUTTERED 

OXIDIZED 

SPUTTERED 

‘"^2^3'*'^  ^2  °3 

HS-25 

TiB24Au  OVERCOAT 

© 

0 

0 

WEAR  APPEARANCE  RANKING  SCALE:  "A"  RANK 

IS  BEST  WITH  LOWEST  WEAR,  "P"  IS  WORST, 
NOTE  WEAR  SCARS  AT  ARROWS. 


Figure  83.  Foil  Bearing  Wear  Categories. 
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TABLE. 13 


WEAR  APPEARANCE  OF  COATED  FOILS  EVALUATED 
IN  WEAR  RIG  TESTS 

Total 

Test  Visual  Wear  on 

Foil  Test  Time  Shaft  Center  Two  Bearing 


Coating 

No. 

(min) 

Coating (s) 

Foils 

Rank* 

Long  Time 

(Ba,Ca)F2 

23 

49 

NiCo,  Kaman 

Light  to 

moderate 

- 

TiB2 

10 

24 

NiCo 

Moderate 

C 

(Ba,Ca)F2* 

Silicate 

15 

23 

NiCo 

Moderate 

C 

Kaman  DBS 

19 

65 

Kaman, 

Tribaloy 

Poor 

D 

HS-25  (ox) 

11 

40 

Kaman , 
Tribaloy 

Poor 

E 

TiB2  + Au 

24 

17 

NiCo 

Severe 

F 

Medium  Time 

TiB2  + CaF2 

21 

6 

Kaman  SCA 

Moderate 

C 

25 

3.5 

Tribaloy 

Moderate 

C 

Short  Time 

B4C 

27 

0.4 

Tribaloy 

Light 

A 

CrsC2 

36 

<0.1 

Tribaloy 

Light 

A 

Tic 

35 

0.4 

Tribaloy 

Light  to 

moderate 

B 

Kaman  DBS 

32 

0.6 

Kaman  SCA 

Light  to 

moderate 

C 

Tribaloy 

30 

0.1 

Kaman  SCA 

Light  to 

moderate 

C 

^^2°3 

29 

1.1 

Tribaloy, 

Kaman 

Poor 

D 

^^2°3'‘‘^^2°3 

37 

0.3 

NiCo 

Poor 

D 

*Rank  according 

to  A, 

Bf  Cf  Df 

E,  and  F levels  with  i 

^ the  best 

and 

the  only  wear  level  that  could  be  considered  acceptable  in  a production 
situation. 
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described  earlier,  comparisons  between  groups  could  not  be  made. 
In  other  words,  the  poorest  short  time  coating  (Cr202  + AI2O2) 
may  be  a better  coating  than  the  best  high  time  coating 
[ (Ba,Ca)F2]  due  to  rig  misalignment  imposing  locally  concentrated 
loads  (this  situation  would  be  valid  when  comparing  Tests  1-12 
with  Tests  13  through  37).  Additional  metallurgicc'l  evaluations 
of  tested  shafts  and  foils  are  contained  in  Paragraph  3. 4. 5. 5. 

Within  each  time  category,  the  best  wear  resistant  coatings 
appear  to  be  (Ba,Ca)F2,  TiB2,  and  B^C.  However,  this  appraisal 
had  only  a minor  influence  on  selection  of  coatings  for  the 
journal  and  thrust  rigs  and  on  definition  of  the  best  program 
coatings. 


3. 4. 5. 4 Wear  Rig  High  Speed  Test  Results 

The  better  coatings  from  low  speed  testing  were  to  have  been 
subjected  to  high  speed  wear  rig  testing.  In  part,  this  was  done 
as  shown  in  Table  14,  Test  19,  where  Kaman  DBS  was  run  against 
Kaman  SCA  for  several  start/stop  cycles  at  room  temperature  with 
no  sign  of  degradation.  This  performance  was  extremely  encourag- 
ing but  the  test  was  performed  only  to  check  out  high  speed  oper- 
ation of  the  rig  and  was  not  continued  for  estimates  of  higher 
temperature  performance  or  endurance  as  were  eventually  contem- 
plated, Test  20  was  run  using  the  Teflon-S  baseline  foil  coating 
for  comparison  to  the  Kaman  coating  and  Teflon-S  showed,  as  ex- 
pected, superior  low  torque  behavior.  Foil  lift-off  from  the 
shaft  (observed  by  the  torque  dropping  to  zero)  was  near  11,000 
rpm  for  both  test  setups.  Only  minor  temperature  rises  (5'^F) 
were  observed  at  the  foil  housing  position  compared  to  10°  to 
15°F  temperature  gains  observed  during  low  speed,  constant  con- 
tact tests. 

Near  the  end  of  the  test  program,  only  a limited  number  of 
coated  foils  were  in  acceptable  condition  for  additional  high 
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speed  testing.  These  were  incorporated  into  Tests  34  and  38 
(Table  14)  and  results  were  extremely  poor  as  foils  were  capable 
of  only  one  start/stop  cycle  due  to  severe  wear  (Figure  84) . 

The  high  wear  is  not,  however,  attributed  to  the  material  selec- 
tions but  was  caused  by  rig  misalignment  (Paragraph  3. 4. 5. 2)  im- 
posing high  local  stresses  as  well  as  longer  rubbing  in  local 
areas,  evidenced  by  torque  not  falling  to  a low  level  until 
speeds  near  13,000-20,000  rpm  were  attained. 

Early  high  speed  wear  rig  tests  demonstrated  that  the 
selected  materials  were  capable  of  surviving  several  cycles  of 
high  speed  contact  with  only  minor  wear  and  friction  increases. 
The  final  wear  rig  test  (No.  38)  resulted  in  damage  to  the  test 
rig  that  would  have  required  time  consuming  repairs.  Since  only 
one  set  of  foils  (Kaman  DES)  was  available  for  testing  and 
because  additional  high  speed  testing  results  would  not  alter 
materials  selection  for  thrust  and  journal  rigs,  further  high 
speed  testing  was  not  undertaken. 

3. 4. 5. 5 Metallurgical  Evaluation  of  Wear  Rig  Materials 

Several  specific  materials  and  problems  associated  with  wear 
rig  testing  were  investigated  and  are  described  in  the  following 
paragraphs . 

3. 4. 5. 5.1  National  Process  Jlndustries  (NPI)  Fluoride  Coating 
Evaluation 


As  a result  of  apparent  high  torque  measurements  for  the  NPI 
fluoride  coating  [ (Bct,,Ga=) F^]  , several  areas  of  a coated  foil  sub?^ 
jected  to  wear  rig  testing  (Test  23)  were  examined  by  scanning 
electron  microscopy  (SEM)^  The  NPI  coating  showed  erratic  surface 
wear  patterns,  and  several  polished  and  rough  are,?-,  rts  shown  in 


Figure  85.  Unworn  areas  were  typified  by  varied  surface  contours, 
small  voids,  and  some  cracking  (Figure  85,  a and  b) . Smooth  wear 
areas  (c  and  d)  showed  a high  percentage  of  smooth  surface,  while 
rough  wear  areas  indicated  only  intermittent  occurrence  of  surface 
smoothing  (f,  arrow).  The  presence  of  both  smooth  and  rough  coat- 
ing wear  areas  on  the  same  foils  was  attributed  to  wear  rig  char- 
acteristics rather  than  compositional  or  surface  contour  differ- 
ences in  the  coating. 

Several  microstructural  features  shown  at  the  arrows  in 
Figure  85(d)  were  electron  probed  to  determine  elemental  con- 
stituents. Analytical  results  are  summarized  in  Table  15  and 
indicate  the  light  colored  areas  are  primarily  Ba,  while  the 
dark  areas  contain  high  amounts  of  Ca.  There  were  local  concen- 
trations of  these  areas  in  the  microstructure  but  these  could 
not  be  correlated  to  wear  patterns.  No  abnormal  areas  believed 
to  be  deleterious  to  wear  or  friction  behavior  were  observed, 
other  than  some  that  would  benefit  by  an  improvement  in  surface 
finish. 

3. 4. 5. 5. 2 NASA  Fluoride  Coating  Evaluation 

The  NASA  fluoride  coatings  (Figure  86)  appeared  rougher  than 
NPI  coatings  (Figure  85),  and  SEM  examination  indicated  this 
roughness  was  due  primarily  to  nodular  appearing  growth  forma- 
tions on  the  surface  (Figure  86;  a,  c,  and  e)  during  the  coating 
process.  These  nodular  growths  appear  resistant  to  smoothing 
during  bearing  operation. 

The  NASA  coating  was  subjected  to  a long  term  thermal  ex- 
posure (1200®F-1300  hours)  and  also  examined  by  SEM.  Structures 
shown  in  Figure  87  suggest  that  surface  features  are  altered  (to 
a possible  damaged  condition)  by  this  thermal  exposure. 
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SUMMARY  OF  ELECTRON  PROBE  MICROANALYSIS 
OF  NPI  AND  NASA  FLUORIDE  COATINGS 


Coatincf* 

Description 

Composition 

NPI-Sl 

Smooth  Dark  Area 

Major 

Ca;  Minor  Ba  and  Si 

NPI-S2 

Smooth  Light  Area 

Major 

Ba;  Minor  Ca,Si  and  Mg 

NPI-S3 

Smooth  area 
Eutectic,  Dark  Phase 

Major 

Minor 

Ca  and  Ba  (Ca:Ba/2:l); 
Si  and  Mg 

NPI-S4 

Smooth  area 
Eutectic,  Light  Phase 

Major 

Trace 

Ba;  Minor  Ca; 
Si 

NASA- S 5 

Oxidized** , 
Blocky  Particle 

Major 

Minor 

Ca,  Ti  and  Cr; 

Ni;  Trace  Fe,  Al  and  Si 

NASA-S6 

Oxidized** , 
Round  Particle 

Major 

Minor 

Ca,  Ba,  and  Cr; 
Si,  Ni  and  Fe 

NASA-S7 

Oxidized  **, 
General  Coating 

Major 

Minor 

Ca  and  Ba; 

Cr,  Si,  Ni,  Fe  and  Al 

*NPI  - (Ba,Ca)F2;  NASA  - (Ba,Ca) F2 ’CaSiO^ *CaO 
^^1200°F  for  1300  hours  in  air. 
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t^'^  i-,  -<  %<-^^ff*‘  ‘J^  -^z-  ”®=v|^‘^4'?i,’5^*;§^'2J^' 


SMOOTH  LIGHT  COATING  (Sample  d) 


(a)  UNWORN  AREA 


300X 


(b)  WEAR  AREA 


300X 


rough  dark  coating  (Sample  e) 


(d)  UNWORN  AREA 


300X 


(e)  WEAR  AREA 


300X 


(C)  WEAR  AREA  1500X  j ff)  WEAR  AREA  1500X 

Figure  86.  Typical  Appearance  (SEM)  of  NASA  Fluoride  Coating 
[ (Ba/Ca)F2 ‘CaSiO^ *CaO]  in  Smooth  and  Rough  Areas. 
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THERMAL  EXPOSURE 


Appearance  of  NASA  CaSiO^  Modified  Fluoride  Coating 
Before  (a  and  b)  and  After  (c  and  d)  Thermal  Exposure 
at  1200°F  for  1300  Hours. 


Two  specific  microstructural  features,  as  well  as  the  gen- 
eral thermal  exposed  material  (Figure  87d,  arrows),  were  electron 
probed  for  composition  as  summarized  in  Table  15.  Of  particular 
interest  is  the  presence  of  titanium  in  the  blcck-type  particles 
(analysis  S5).  Chromium  is  also  high,  but  is  suspected  as  a con- 
taminant vaporized  from  the  Inconel-718  support  tray  used  to 
contain  the  thermal  exposure  samples.  Several  other  elements 
appear  in  the  analyses  (Ni,  Fe,  and  Al)  that  are  not  primary  con- 
stituents of  the  coating,  but  their  influence  on  friction  and  wear 
was  not  assessed. 

3. 4. 5. 5. 3 Blister  Formation  on  Tribaloy-4Q0  Coated  Shafts 

Wear  rig  shafts  coated  with  plasma-sprayed  Tribaloy-400  dis- 
played surface  blistering  after  repeated  thermal  cycling  and  rig 
operations  to  1000®F  (Figure  88).  Discussions  with  the  vendor 
(Plasma  Technology  Inc.)  and  scanning  electron  microscope  (SEM) 
evaluations  indicate  blistering  was  related  to  Ti,  Al  and/or  Ca 
contamination,  which  may  have  occurred  from  the  grit  blasting 
operation  used  on  the  substrate  alloy  surface.  Figure  89  illus- 
trates the  appearance  of  the  blister  fracture  surface  as  viewed 
by  SEM.  The  dark  area  (bottom  arrow)  was  analyzed  and  found  to 
contain  alloy  constituents  (Co,  Cr,  Mo,  and  Si)  and  Fe  present  as 
a typical  impurity. 

The  light  "fluffy"  appearing  area  (top  arrow)  showed  the 
presence  of  Ti  and  Al  contamination  in  addition  to  the  above. 
Precautions  to  eliminate  contamination  were  therefore  implemented 
by  the  vendor  for  coating  the  full  scale  journal  rig  shaft. 

3. 4. 5. 5. 4 Generation  of  Oxide  Coating  on  NiCo  Coating 

Samples  of  electroplated  WiCo  alloy  (60  percent  Co  - 40 
percent  Hi)  were  subjected  to  a series  of  thermal  exposures  in 
air  to  determine  what  temperature  was  required  to  form  metal 


Ca) 


I.IX 


Figure  88.  Typical  Appearance  of  Blisters  on  Surface  of  Plasma 
Sprayed  Tribaloy  400  Wear  Rig  Shaft  Segment 


oxides  and  what  composition  those  oxides  were.  Exposures  were 
made  at  200°F,  400°F,  500“F,  600“F,  300®F  and  1000®F  for  one  hour 
in  static  air.  X-ray  diffraction  patterns  of  these  samples  were 
obtained,  as  well  as  an  vinexposed  NiCo  sample.  This  analysis 
indicated; 

o Detectable  Ni  and  Co  oxide  surface  layers  were  formed 
at  temperatures  between  600-800®F  and  above. 

o Free  nickel  and  cobalt  metal  appears  to  be  decreasing 
at  temperatures  of  600-800“F  and  above,  coincident 
with  oxide  formation. 

Cobalt-containing  coatings,  which  depend  upon  the  formation 
of  cobalt-oxide  for  some  lubricity  and  wear  resistance  (NiCo, 
HS-25  and  Tribaloy-400)  require  800® F or  higher  temperatures  for 
either  preoxidation  or  oxidation  during  operation. 

3. 4. 5. 6 Friction  Measurements 

Measurements  of  the  coefficient  of  friction  were  made  for 
several  coating  combinations  using  the  experimental  set-up  shown 
in  Figure  90.  Coefficients  are  summarized  in  Table  16  in  order 
of  the  lowest  to  the  highest.  Most  coefficients  were  near  that 
of  Teflon  (0.13)  and  therefore  indicate  these  coating  combina- 
tions may  be  equivalent  from  that  aspect  (realizing  that  this 
test  was  conducted  under  ideal  conditions  at  very  low  surface 
speeds,  and  not  at  elevated  temperatures) . Significant  observa- 
tions from  this  Table  as  well  as  other  data  not  presented  are  as 
follows: 


(a)  Several  coating  combinations  were  superior  to 
Teflon  or  Kaman  DES  coatings  (TiB_  or  B.C) . 


TABLE  16 

MEASURED  SLIDING  COEFFICIENT  OF  FRICTION 


STATIONARY 

SLIDING 

COEFFICIENT  OF  FRICTION  (10#  LOAD)  | 

MATERIAL 

COATING 

MATERIAL 

COATING 

BREAKAV7AY 

SLIDING 

B4C 

B4C 

0.08 

0.08 

TiB2 

B4C 

0.09 

0.09 

B4C 

TiB2 

0.09 

0.09 

TiB2 

Gold 

0.10 

0.10 

B4C 

Gold 

0.11 

0.11 

TiN 

Teflon 

0.20 

0.13 

^^2°3 

Teflon 

0.18 

0.13 

Gold 

Kaman  (DES) 

0.13 

0.13 

Teflon 

Kaman  (DES) 

0.13 

0.13 

Teflon 

Teflon 

0.18 

0.13 

Kaman  (DES) 

Teflon 

0.18 

0.15 

B4C 

Teflon 

0.19 

0.17 

B4C 

Kaman  (DES) 

0.18 

0.18 

Gold 

Teflon 

D.26 

0.18 

TiBz 

Kaman  (DES) 

C.18 

0.18 

Kaman  (DES) 

0.18 

0.18 

TiB2 

Teflon 

0.23 

0.19 

TiN 

Kaman  (DES) 

0.23 

0.20 

Tic 

Kaman  (DES) 

0.22 

0.22 

Kaman  (DES) 

Kaman  (DES) 

0,22 

0.22 

Tic 

Teflon 

Grabs  and  Slips 

Accuracy  of  measurements;  C^  ~ -0.03 

Sputtered  coatings  show  slight  dependency  on  th. ckness 
(thinner  coating  has  higher  Cf) 

Some  coatings  exhibit  break-in  reduction 


(b)  Sputtered  coatings  appeared  to  show  lower  friction 
coefficients  than  thicker  coatings. 


(c)  Some  coatings  exhibited  decreased  friction  co- 
efficients after  a "break-in"  period. 

(d)  Load  did  not  significantly  influence  friction  co- 
efficients until  it  was  great  enough  to  cause 
degradation  of  the  coating. 

3.4.6  Materials  Selections  for  Journal  and  Thrust  Rigs 

Several  coatings  for  dry  film  lubrication  at  high  tempera- 
tures (800-1200°F)  were  evaluated.  Specification  of  appropriate 
coatings  for  the  full  scale  journal  and  thrust  foil  bearing  rigs 
was  based  upon  1200“F  oxidation  resistance,  wear  rig  dynamic 
torque  measurements  of  friction  over  the  temperature  range  70“- 
1000°F,  wear  appearance,  and  sliding  friction  values. 

This  data  indicated  three  coatings  were  acceptable  for  the 
rotating  component,  with  NiCo  the  best  based  upon  drag  torque 
measurements  against  Teflon— S (peak  values  at  room  temperature) 
as  follows; 

o NiCo  (14  in. -lbs.) 

o Tribaloy-400  (19  in. -lbs.) 

o Kaman  SCA  (25  in. -lbs.) 

All  the  above  coatings  were  specified  and  used  for  the 
thrust  runner  in  the  thrust  bearing  test  rig.  One  high  tempera- 
ture coating  (Tribaloy-400)  was  specified  for  the  journal 
bearing  test  rig  shaft. 


Evaluations  also  indicated  several  foil  coatings  were 
acceptable  on  the  basis  of  oxidation  resistance  and  friction  be- 
havior: 


o B^C  -•  Sputtered 

o '^^^2  ~ Sputtered 

o ^^2^3  ~ Sputtered 

o Tic  - Sputtered 

o Kaman  DES  - Slurry  dip  and  fired 

o NiCo  - Electroplated 

While  the  above  coatings  are  listed  in  preferred  order  with 
respect  to  oxidation  resistance  and  friction  behavior,  Kaman  DES 
and  NiCo  were  selected  as  foil  coatings  for  both  full  scale  rigs. 
The  sputter  coatings  were  not  selected  due  to  low  thickness , lack 
of  production  experience,  and  high  fabrication  lead  times. 

Long  term  wear  resistance  was  not  considered  in  the  above 
foil  coating  selections  because  material  evaluation  did  not  pro- 
vide adequate  data  on  that  aspect.  However,  all  of  the  above 
foil  and  shaft  coatings  displayed  the  required  high  temperature 
and  frictional  characteristics  necessary  for  foil  bearing  appli- 
cations. Additional  work  should  be  directed  toward  improving 
manufacturing  and  processing  procedures  for  foil  bearing  appli- 
cations . 

3.5  Bearing  Development  and  Testing 


3.5.1  Foil  Journal  Bearing  Development  Tests 


3. 5.1.1  General 

The  journal  bearing  development  testing  can  be  characterized 
as  three  general,  sequential  phases  of  activity.  Each  phase  was 
oriented  toward  the  solution  of  a particular  observable  problem 
with  either  test  rig  operation  or  bearing  ch irac teristics . Phase 
A,  which  included  Configurations  1-10  (refer  to  Configuration 


sheets  included  as  Appendix  B) , was  a sequence  of  tests  designed 
to  eliminate  a subsynchronous  excitation  situation  that  resulted 
in  several  bearing  failures.  Phase  B was  initiated  with  the 
testing  of  Configuration  11,  the  first  to  eliminate  the  previous 
causes  of  failure.  This  phase  continued  through  Configuration  18, 
in  attempts  to  successfully  operate  the  test  rig  at  the  design 
speed  of  33,000  rpm.  Conclusions  reached  from  this  test  phase 
were  that  the  third  critical  speed  (i.e.,  shaft  bending  mode)  was 
being  excited  at  the  higher  operating  speeds  and  that  major  rig 
modifications  would  be  required  to  proceed  further.  No  failures 
occurred  during  this  phase  and  Configurations  11  through  18  were 
all  tested  with  the  same  bearing  foils.  The  journal  bearing  test 
rig  was  then  reworked  to  shorten  the  bearing  span  by  6.0  inches 
and  thus  drive  the  bending  frequency  so  far  beyond  the  maximum 
operating  speed  that  it  could  not  be  excited  by  bearing  dynamics. 
Phase  C,  therefore,  represented  the  foil  journal  bearing  develop- 
ment program  on  the  shortened  test  rig,  with  the  sole  intent  of 
developing  a bearing  with  target  load  carrying  capacity. 

3 . 5 . 1 . 2 Phase  A - Journal  Bearing  Development  Tests 

3. 5. 1.2.1  Eight-Segment  Bearing  Configurations 

The  eight-segment  bearing  configurations  represented  a direct 
scale  of  the  DC-10  ECS  cooling  turbine  production  bearing  configur- 
ation from  a 2.0  inch  journal  diameter  to  the  4.5  inch  journal 
diameter  size.  Bearing  arc  length  was  set  to  achieve  a 47.5  per- 
cent overlap  based  on  journal  diameter.  Bearing  foil  arc  length 
as  a function  of  overlap  is  determined  from  the  following  rela- 
tionship: 


VJhere: 


I 


L = foil  length  in  inches 

D = shaft  diameter  in  inches 

N = number  of  foil  segments 

% O.L.  = percentage  overlap 

Variation  in  overlap  for  a given  geometry  bearing  affects  the 
unlapped  length  of  the  foil.  Unlapped  length  and  overlap  are  de- 
picted schematically  in  Figure  91/  which  shows  the  journal  fully 
bottomed  in  the  bearing.  (Note:  Figure  91  illustrates  a theoreti- 

cal condition  only.) 


Figure  91.  Theoretical  Foil  Journal  Bearing  Overlap 
Schematic . 
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For  a given  foil  thickness,  reducing  unlapped  length 
increases  the  foil  bending  strain  required  to  achieve  a fully 
bottomed  journal,  thus  increasing  the  final  spring  rate  (i.e., 
spring  rate  at  maximum  load  of  the  bearing.  Figure  92  shows  how 
percent  overlap  can  be  varied  to  obtain  a desired  unlapped  length, 
given  various  numbers  of  bearing  segments.  Thus  a bearing  con- 
figuration in  which  the  number  of  foils  is  selected  for  bearing 
stability,  can  have  a desired  final  spring  rate  by  proper  selec- 
tion of  overlap. 


Foil  coating  material  used  for  initial  test  configurations 
was  OBD26-20,  a derivative  of  Teflon-S,  with  approximately  75°F 
higher  temperature  capability.  The  journal  surfaces  wert?  origin- 
ally plated  with  thin  dense  chrome,  which  on  the  turbine  end 
journal,  was  replaced  by  LW-lN-3  0 after  an  earl;^'  failure.  Balan- 
cing was  achieved  by  machine  balancing  the  shaft,  thrust  runner, 
and  drive  turbine  individually.  Match  marks  on  these  three  com- 
ponents insured  constant  assembly  orientation.  Bearing  geometry 
for  the  first  three  configurations  included  0.010  inch  thick 
foils  with  a 3.0  inch  preform  radius  and  C.016  inch  calculated 
sway  space.  Calculated  sway  space  (CSS)  is  defined  as: 


CSS  = BD  - JD-4t 


where : 


BD 

JD 

t 


bearing  diameter  in  inches 

journal  diameter  in  inches 

total  foil  thickness  (including  coating) 

in  inches 


and  is  a measure  of  the  total  available  diametral  clearance  space. 
Bearing  length-versus-diameter  ratio  (L/D)  for  all  early  test  con- 
figurations was  1.33.  The  parachute  loader  was  installed  for 
the  initial  test  work  and  three  failures  occurred.  It  was  not  pos- 
sible to  obtain  design  operating  speed  due  to  increases  in  the 
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UNLAPPED  LENGTH 


* 


amplitude  of  subsynchronous  shaft  excursions  with  speed,  until 
either  failure  occurred  or  testing  was  terminated.  Figure  93  de- 
scribes the  Configuration  3 failure.  Configuration  1 incurred  a 
failure  while  decelerating  from  an  unsuccessful  attempt  to  reach 
operating  speed.  Failure  was  attributed  to  unacceptable  growth 
of  the  second  critical  speed  orbital  amplitude. 


As  part  of  the  normal  development  and  diagnostic  procedures 
for  this  program,  nonsynchronous  whirl  measurements,  both  subsyn- 
chronous and  supersynchronous , have  been  made.  Frequency  decompo- 
sition of  signals  obtained  from  Bently  probes,  CEC  vibration  pick- 
ups, accelerometers  and  strain  gauges  were  obtained  from  a Spectral 
Dynamics  330A  spectrum  analyzer.  By  passing  the  signal  through  a 
series  of  narrow-band  filters,  input  decomposition  can  be  achieved 
for  a specified  operational  speed. 


The  so-called  "mountain  range"  shown  in  Figures  93  and  94  is 
generated  by  a series  of  frequency  decompositions  at  specified 
speeds.  As  speed  is  increased,  the  frequency  decomposition  is 
displaced  vertically  and  produces  the  frequency  spectrum  analyses 
for  the  entire  speed  range.  Figure  94  is  a mountain  range  acceler- 
ation pattern  observed  on  the  GTCP36-50  APU  rotor  dynamics  rig. 

The  pronounced  diagonal  line  extending  from  the  lower  left  to  the 
upper  right  in  both  photographs  represents  imbalance  (one-per-rev) 
response.  To  the  left  of  this  line  is  the  subsynchronous  excita- 
tion, whereas  the  supersynchronous  excitations  are  viewed  to  the 
right  of  the  imbalance  "esponse  line.  The  top  photograph  was  ob- 
tained from  signal  conditioning  of  a proximity  probe  located  over 
the  compressor.  The  bottom  photograph  is  an  overlay  of  the  top 
photo  and  the  modes  determined  by  analysis.  As  shown,  the  excita- 
tion of  the  first  forward  and  backward  modes  proved  most  sensitive. 
Difficulty  in  reaching  maximum  speed  was  encountred  on  some  occa- 
sions. For  this  example,  a squeeze-film  mount,  located  over  the 
compressor  bearing  was  successfully  used  to  reduce  nonsynchronous 
effects  as  well  as  to  reduce  bearing  loads  on  the  GTCP36-50  APU. 
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WHIRL  FREQUENCY,  100  CPS/CM 


FF  SB 


I PER  REV 


1 PER  REV 


WHIRL  FREQUENCY,  100  CPS/CM 


FIRST  BACKWARD  MODE 
FIRST  FORWARD  MODE 


SB  - SECOND  BACKWARD  MODE 
SF  - SECOND  FORWARD  MODE 


Figure  94. 


Mountain  Ranges  Obtained  From  the  GTCP36-50  APU 
Rotor  Dynamics  Rig. 


A final  configuration  was  run  without  the  parachute  loader 
installed  and  was  trim  balanced  to  minimize  the  high  speed  unbal- 
ance effects.  It  was  not  possible  to  reach  design  speed  with  this 
test. 


Five  eight- segment  bearings  were  tested  in  this  first  test 
sequence  with  three  bearing  failures  occurring.  The  maximum  speed 
attained  was  32,500  rpm,  with  all  configurations  exhibiting  shaft 
excursions  at  frequencies  below  the  1/rev.  excitation. 

3. 5. 1.2. 2 Six-Segment  Bearing  Configurations 

Configuration  4 was  established  with  a six-segment  bearing, 
0.010  inch  thick  foils  coated  with  OBD26-20.  The  objective  was 
to  increase  bearing  compliancy  through  the  use  of  longer  foils. 
Subsynchronous  activity  was  again  observed  in  this  test,  with  a 
calculated  sway  space  (CSS)  of  0.021  inch.  The  next  configuration, 
with  CSS  reduced  to  0.013  inch,  resulted  in  a test  bearing  failure. 
Attempting  to  improve  performance  through  high  speed  trim  balanc- 
ing produced  no  better  results,  nor  did  the  addition  of  a 9.0 
pound  mass  at  the  test  end  of  the  shaft,  intended  to  syimnetricize 
the  bearing  loading  by  simulating  the  mass  of  the  turbine.  The 
final  six-segment  bearing  test  was  an  attempt  to  multi-plane 
balance  the  shaft.  Although  balancing  was  accomplished,  another 
failure  occurred,  again  characterized  by  subsynchronous  excursions. 
All  six-segment  bearing  tests  were  run  without  the  parachute  loader 
installed,  to  avoid  loader  complicity  in  the  test  results. 

Five  configurations  were  tested  during  this  test  sequence, 
with  various  amounts  of  sway  space  and  machine,  trim,  and  multi- 
plane balancing.  Tests  resulted  in  attaining  maximum  speed  of 
30,000  rpm,  two  failures  and  a continuation  of  the  subsynchronous 
phenomenon. 


3 . 5 . 1 . 2 . 3 L/D  = ] . Bearing  Configurations 

Several  failures  earlier  in  the  testing  were  characterized  by 
bearing  rubs  in  the  center  of  the  foils.  It  was  therefore  theo- 
rized that  the  air  film  might  have  been  pumped  away  from  the  bear- 
ing midspan,  starving  that  area  and  allowing  the  foils  to  contact 
the  shaft.  Shortening  the  bearing  length,  while  obviously  lim- 
iting bearing  maximum  load  capacity,  was  thought  to  ameliorate 
this  presumed  problem. 

Configuration  9 was  tested  as  an  eight-segment  bearing  with 
0.012  inch  thick  foils  and  3.4  inch  preform  radius.  Foil  coating 
was  OBD  26-5  and  shaft  coating  was  electroless  nickel.  Both 
thickness  and  preform  increases  were  intended  to  increase  bearing 
stiffness  to  compensate  for  the  reduced  bearing  length.  The 
result  was  a very  tight  bearing  as  measured  by  breakaway  torque 
(determined  by  slowly  rotating  the  shaft  with  a torque  wrench) . 
This  tightness,  together  with  the  surface  characteristics  of  the 
shaft  resulted  in  almost  instantaneous  deterioration  of  the  OBD 
coating  upon  initial  starting,  and  thus  failure.  This  failure 
terminated  further  use  of  electroless  nickel  as  a shaft  material, 
and  upon  reviewing  poor  performance,  also  terminated  the  use  of 
the  OBD  type  foil  coatings.  These  coatings,  while  providing  an 
increase  in  operating  temperature  relative  to  Teflon-S,  had  dem- 
onstrated a lack  of  tolerance  to  snail  rubs  and  a tendency  to  ball 
up  upon  failure  and  thus  increase  the  resulting  damage  level.  The 
failure  of  Configuration  9 is  shown  in  Figure  95. 

Because  of  the  nature  of  the  previous  failure,  another  L/D  = 
1.0  configuration  was  established.  This  test  was  unique  in  that 
strain  gages  were  attached  to  the  back  of  two  of  the  eight  foils 
to  determine  if  foil  flutter  (aeroelastic  instability)  was  ex- 
citing the  continually  observable  subsynchronous  excursions. 
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Figure  95.  Test  Journal  Bearing  and  Shaft 


The  strain  gage  installation  is  shown  in  Figure  96.  The  stainless 
steel  shim  stock  attached  to  the  back  of  the  foil  was  used  to  avoid 
local  bumps  caused  by  the  gages,  and  to  reduce  the  bearing  sway 
space  for  these  0.010  inch  thick  foils.  Testing  again  revealed 
dangerous  subsynchronous  activity  levels.  Strain  gages  indicated 
that  foil  flutter  was  neither  a driving  force  for  the  low  fre- 
quency nor  a consequence  of  that  activity.  No  flutter  of  any  kind 
was  noted. 

3. 5. 1.2. 4 Test  Rig  and  Bearing  Investigations 

While  it  v;as  believed  that  the  problems  experienced  to  date 
had  been  a result  of  bearing  operational  characteristics,  several 
investigations  of  test  rig  assembly  and  operation  were  made.  Di- 
mensional checks  were  made  on  the  shaft-to-turbine  pilot  diameters, 
orthogonality  of  the  thrust  imnner,  and  airflow  distribution  with- 
in the  test  rig.  Figure  97  indicates  the  general  coolant  through- 
flow  characteristics  of  a static  journal  bearing.  In  order  to 
obtain  this  data  the  test  rig  was  modified  to  provide  bearing  in- 
let and  exit  pressure  information.  Subsequent  to  this  modifica- 
tion, bearing  pressure  ratio  was  used  instead  of  the  coolant  supply 
line  metering  orifice  to  set  coolant  flow  rate.  Additionally, 
the  effect  of  the  hydrostatically  supported  dynomometer  upon  bear- 
ing characteristics  was  investigated.  Several  tests  were  run 
either  with  the  dynomometer  physically  ?cked  or  with  no  hydro- 
static air  supply.  Results  showed  that  the  bearing  radial  freedom 
permitted  by  the  hydrostatic  support  did  not  contribute  to  the  ob- 
served problem,  nor  did  this  support  assist  by  acting  as  a squeeze 
film  damping  mechanism. 

Having  ascertained  that  the  rig  could  not  be  the  cause  of  the 
observed  problems,  the  bearing  characteristics  exclusive  of  the 
rig  were  investigated.  Using  a dummy  shaft,  a test  setup  as 


shown  in  Figure  98  permitted  determining  the  load-deflection 
characteristics  of  the  various  journal  bearing  configurations. 
Figure  99  shows  typical  load/deflection  data,  in  this  case  the 
Configuration  27  bearing.  Bearing  test  results  are  indicated  in 
Table  17 . 

In  order  to  operate  successfully,  i.e.,  without  subsynchron- 
ous  shaft  activity,  it  appears  that  certain  bearing  character- 
istics must  be  present.  The  data  on  the  original  eight-segment 
bearing  indicates  a relatively  stiff  bearing  at  1 g,  one  which 
would  not  deflect  appreciably  under  typical  1/rev  unbalance  condi- 
tions. The  unsuccessful  six-segment  ber'-ings  display  this  same 
phenomena  to  a more  extreme  degree.  Since  stiffness  prevents  the 
bearing  from  accommodating  small  excursions,  intermittent  rubbing 
of  the  journal  on  the  foils  could  take  place  during  operation. 
Instability  experienced  by  hydrodynamic  bearings  during  rub  is 
primarily  subsynchronous  in  nature,  which  was  observed  during  the 
eight-  and  six-segment  bearing  tests.  Thus  bearing  stiffness  may 
likely  have  been  the  cause  of  the  failures. 

As  indicated,  the  12-  and  10-segment  bearing  configurations 
exhibit  a more  modest  spring  rate,  thus  better  accommodate  the 
1/rev  unbalance.  Operation  of  these  configurations  was  without 
subsynchronous  activity.  The  16-segment  configuration,  while  ex- 
hibiting an  apparently  acceptable  spring  rate,  experienced  a large 
deflection.  This  bearing,  designed  to  permit  entry  of  film  air 
into  the  center  of  the  bearing,  is  shown  in  Figure  100.  This  con- 
figuration therefore  appeared  to  be  a risk,  either  because  of  the 
initial  softness  or  because  of  the  large  initial  deflection, 
leaving  little  remaining  operating  sway  space. 

It  should  not  be  construed  that  static  spring  rate  of  a given 
bearing  geometry  is  the  sole  determinant  of  operational  stability. 
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Figure  98.  Journal  Bearing  Spring  Rate  Measurement  Test  Set-up 
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The  test  provides  no  inforntation  about  resiliency  of  the  support- 
ing air  film  once  the  shaft  has  lifted  off.  Nor  does  it  yield  any 
data  about  dynamic  damping,  a necessary  parameter  for  shaft  sta- 
bility, which  does  not  appear  to  be  substantial  in  air  bearings, 
despite  some  foil-to-foil  coulomb  interaction.  And  finally,  bear- 
ing geometries  that  have  exhibited  acceptable  spring  rate  charac- 
teristics have  shown  subsynchronous  instability  until  sway  space 
was  reduced  by  adding  shims.  The  relationship  between  stability 
and  sway  space  for  a constant  spring  rate  bearing  has  not  been 
established. 

3. 5. 1.3  Phase  B - Journal  Bearing  Development  Tests 
3. 5. 1.3.1  12-Segment  Bearing  Initial  Tests 

Configuration  11  was  the  first  bearing  assembly  using  a 12- 
segment  foil  geometry.  Foil  thickness  was  0.012  inch  with  a 0.001 
inch  thick  Teflon-S  coating.  Foil  L/D  was  1.33  with  preform 
radius  of  2.9  inches.  Calculated  sway  space  was  0.023  inches  with 
the  actual  sway  space  measured  at  approximately  0.015  inch.  Test 
bearing  journal  coating  was  thin  dense  chrome  with  turbine  bearing 
journal  coating  of  LW-lN-30.  Several  starts  were  made  without  any 
incidents  of  subsynchronous  activity,  but  as  shaft  speed  increased, 
orbital  amplitude  excursions  increased  to  0.00325  inches  at  30,000 
rpm  at  the  test  bearing.  It  was  felt  that  the  combination  of  low 
operational  sway  space  and  some  shaft  unbalance  was  contributory 
to  the  high  excursions,  so  the  bearing  carriers  were  slightly 
machined  and  the  shaft  trim  balanced  (one  speed,  one  plane). 
Measured  sway  space  increased  to  approximately  0.020  inches  but 
this  configuration  (Configuration  12)  exhibited  orbits  of  0.006 
inch  at  30,900  rpm.  Bearing  performance  comparisons  of  the 
6,  8,  and  12  segment  bearing  including  shaft  whirl  amplitude, 
for  those  configurations  where  it  was  available,  did  not  give 
any  insight  to  the  reason  for  the  test  rigs  inability  to  operate 
at  full  speed.  However,  the  12  segment  bearing  being  the 
stiffest  of  the  three  was  able  to  operate  without  failure  and 
thus  permit  an  intensive  investigation  as  to  the  cause  of  the 
previous  bearing  failures. 


3 . 5 . 1 . 3 . 2 Aerodynamic  Investigations 

It  was  surmised  that  the  problem  preventing  attainment  of 
design  speed  could  be  related  to  aerodynamic  phenomena,  speci- 
fically Reynolds  number  effect  on  turbulence.  Configurations  13, 

14,  and  15  were  tested  using  carbon  dioxide  (CO^) / hot  air,  and 
helium  as  coolants,  respectively,  in  order  to  significantly 
change  coolant  kinematic  viscosity.  No  improvement  was  noted; 
in  fact,  the  pressure  pulse  transmitted  to  the  bearing,  upon  open- 
ing the  high  pressure  helium  bottle  regulator,  appeared  to  trigger 
some  short  duration  subsynchronous  instability. 

Configuration  16  was  run  with  increased  drive  turbine  clear- 
ances to  investigate  the  possibility  that  drive  turbine  vibratory 
excitation  was  causing  the  bearing  problems.  Additionally,  be- 
cause the  parachute  loader  was  observed  to  have  significant  vib- 
ratory response,  both  aural  and  visual,  it  was  coated  with  0.010 
thick  viscoelastic  damping  material.  Several  runs,  with  and 
without  the  loader,  and  with  loader  side  stiffener  plates  installed, 
provided  no  improvement. 


m 


m 
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3. 5. 1.3. 3 Shaft  Bending  Investigations 

One  of  the  most  important  technical  considerations  in  design- 
ing reliable,  high  speed  rotating  machinery  is  the  rotor  dynamics. 
All  rotating  equipment  produces  loading  on  its  bearings  and  sup- 
port structure  due  to  the  centrifugal  loads  encountered  by  the 
rotating  mass.  These  loads  are  generated  due  to  centrifugal  ef- 
fects because  the  center  of  gravity  of  the  rotor  is  not  coincident 
with  the  geometric  centerline  of  the  bearings.  Although  balancing 
may  reduce  the  centrifugal  loading,  when  rotation  occurs,  a peri- 
odic excitation  develops  at  a frequency  equal  to  the  rotor  spin. 

If  the  excitation  frequency  is  equal  to  a natural  frequency  of 
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the  system,  then  a "critical"  speed  is  encountered  and  large 
excursions  may  be  expected.  Therefore,  the  severity  of  this  par- 
ticular critical  speed  is  solely  dependent  upon  damping  and  un- 
balance, as  the  former  can  control  the  excursion  limit  at  a nat- 
iral  frequency. 


It  is  noteworthy  that  if  the  rotational  speed  equals  the 
natural  frequency  of  the  system,  it  may  or  may  not  be  a critical 
speed.  To  clarify,  it  is  necessary  to  provide  some  definitions. 
First,  as  the  deformed  geometric  centerline  of  the  rotor  pre- 
cesses  (whirls)  about  the  undeformed  bearing  centerline,  a whirl 
speed  is  defined.  Second,  spin  speed  is  the  circular  frequency 
of  the  rotation  of  the  mass  center  about  the  geometric  deformed 
centerline.  If  the  natural  frequency  produces  a whirl  in  the  same 
direction  as  the  spin,  it  is  said  to  be  a forward  mode.  A back- 
ward mode  is  obtained  when  the  whirl  is  in  an  opposite  direction 
from  the  spin.  A critical  speed  occurs  by  definition,  when  the 
unbalance  excitation  (spin  speed)  is  equal  in  magnitude  and  dir- 
ection to  the  natural  frequency  or  when  the  rotational  speed  in- 
tersects a forward  mode.  When  the  rotational  speed  intersects  a 
backward  mode  a natural  frequency  is  encountered,  but  it  is  not 
a critical  speed  as  it  is  difficult  to  excite  by  unbalance.  The 
mechanisms  that  provide  for  the  existence  of  both  forward  and 
backward  precessional  modes  are  gyroscopic  effects  and  specialized 
bearing  characteristics.  Backward  modes,  although  not  easily 
excited,  may  be  severe  and  also  produce  substantial  shaft  excur- 
sions . 


Therefore,  further  investigations  (Configurations  17  and  18) 
incorporated  orthogonal  proximity  probes  in  the  center  of  the 
shaft  normally  occupied  by  the  parachute  loader.  The  installation 
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Figure  101.  Center  3 of  5 Plane  Clearance  Probes  Used  to  Deter 
mine  Shaft  Bending  in  Configuration  18 


began  at  approximately  20,000  rpm,  and  became  more  pronounced 
at  30,000  rpm.  The  rate  of  amplitude  increased  with  speed  as 
shown  by  the  roll-down  of  the  test  bearing  1/rev  amplitude  from 
approximately  30,000  rpm  below: 


1000 


Data  reduction  confirmed  that  the  system  was  operating  in  a for- 
ward precession  mode  (precession  and  shaft  rotation  in  the  same 
direction) . 


A rotor  dynamics  analysis  review  performed  on  this  rig  (Fig- 
ure 103)  showed  that  predicted  critical  speeds  were  acceptable  for 
operation  at  33,000  rpm.  To  substantiate  the  analytic  model, 
a comparison  was  made  of  the  experimentally  determined  free-free 
modes,  to  those  predicted  by  the  rotor  dynamics  model.  The  re- 
sults are  shown  in  Figure  104,  which  demonstrates  excellent 
analytical/experimental  correlation.  Also,  the  two  rigid  body 
criticals  location  confirmed  by  observation  of  rig  low  speed  per- 
formance, indicates  two  low-frequency  modes  at  60  to  70  Hz,  and 
are  the  first  and  second  natural  modes  of  this  system  (Figure  105.) 
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Figure  104.  Free-Free  Shaft  Excitation 


The  most  attractive  method  available  to  dri\^e  the  onset  of 
bending  well  above  operating  speed  was  to  shorten  the  bearing 
span,  thus  increasing  the  bending  rigidity  of  the  shaft.  The  in- 
fluence of  span  on  critical  speed  is  shown  in  Figure  106.  Short- 
ening the  shaft  by  six  inches  was  selected  to  provide  140  percent 
operating  margin  above  the  third  backward  bending  critical  speed. 

It  must  be  pointed  out  that  the  interrelationship  between 
the  foil  journal  bearing  operation  and  the  shaft  system  rotor 
dynamics  is  not  completely  understood.  The  apparent  lack  of  sub- 
st  .ntial  bearing  damping  capability  may  contribute  to  higher  shaft 
orbital  excursions  than  would  be  present  with  other  types  of  bear- 
ing systems. 

3. 5.1. 4 Phase  C - Journal  Bearing,  Development  Tests 
3 . 5 . 1 . 4 . 1 Twelve-Segment  Bearing  Configuration 

The  test  rig  was  shortened  six  inches  by  remachining  the 
side  plate  mounting  holes  and  the  shaft  was  shortened  by  removing 
six  inches  from  the  test  end.  The  test  bearing  now  covered  three 
rows  of  holes  previously  used  to  supply  air  to  the  parachute  loader, 
These  holes  were  plug  welded.  A new  parachute  loader'  was  designed 
to  accommodate  the  shortened  rig,  and  incorporated  changes  both 
to  increase  its  stiffness  and  to  facilitate  installation.  In 
addition  to  these  changes,  three  proximity  probes  were  installed 
in  the  turbine  end  bearing  carrier  to  observe  relative  changes  in 
foil  position. 

Configuration  19  was  assembled  using  the  same  12-segment 
bearing  foils  as  had  been  used  throughout  Phase  B.  Because  of 
several  reworks  required  to  provide  a good  thin  dense  chrome 
journal  surface  over  the  weld-repaired  holes,  the  test  bearing 


Figure  106.  Shaft  Shortening  Influence  on  Critical  Speeds 


ca]culatad  sway  space  was  0.0295  inch.  Initial  tests  showed 
continued  subsynchronous  activity,  which  was  modified  somewhat 
when  the  parachute  loader  was  installed-  Vibration  in  the  para- 
chute loader  was  minimized  by  aluminum  viscoelastic  damping  tape. 
Midplane  probes  confirmed  that  the  bending  phenomenon  had  been 
eliminated.  Shims  were  used  to  reduce  the  Configuration  20  test 
end  calculated  sway  space  to  0.0215  inch  and  the  rig  was  run  to 
a maximum  speed  of  34,000  rpm  with  no  subsynchronous  activity  or 
shaft  bending  noted. 

Configuration  21  represented  the  development  of  the  para- 
chute loader.  It  had  been  observed  that  viscoelastic  damping 
tape  modified  loader  vibration  but  sufficient  vibratory  energy 
was  present  either  to  separate  the  adhesive  bond  or  fatigue-fail 
the  aluminum.  The  final  loader  configuration  is  shown  in  Figure 
107.  The  stainless  steel  wrap  shown  is  used  to  maintain  the 
damping  material  in  contact  with  the  loader. 

To  ensure  successful  loader  operation,  the  journal  bearing 
shaft  was  multi-speed/multi-plane  balanced.  This  technique  was 
used  to  limit  the  shaft  excursions  in  the  area  of  the  parachute 
loader  without  major  bearing  orbits  at  33,000  rpm,  and  to  minimize 
the  second  critical  frequency  effect  during  start  and  stop. 
Configuration  23,  using  the  shimmed  12-segment  bearing  with  the 
balanced  shaft  and  optimized  parachute  loader,  experienced  a fail- 
ure at  a bearing  load  of  6.549  psi.  Results  of  this  failure  are 
shown  in  Figures  108  and  109. 

The  Configuration  23  failure  represents  the  first  instance 
of  reaching  bearing  ultimate  capacity  at  design  rpm.  The  bearing 
load  of  6.549  psi,  while  considerably  below  bearing  target  load 
of  16.4  psi,  represents  a supported  weight  of  176.8  lb  per  bearing, 
equivalent  to  a 6+  g maneuver. 
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Figure  107.  Parachute  Loader  Final  Configuration 


It  should  be  noted  that  this  failed  configuration  utilized 
the  same  foils  that  were  installed  at  the  start  of  Phase  B. 

While  Teflon-S  does  not  possess  the  temperature  capacity  required 
for  the  intended  end  item  application,  it  does  provide  a durable 
and  forgiving  foil  coating  for  use  during  development  testing. 

As  shown  in  Figure  110,  these  bearings  experienced  72  start-stop 
cycles  and  accumulated  nearly  32  hours  of  run  time  before  the 
failure  occurred. 


After  repairing  and  rebalancing  the  shaft,  configuration  24 
was  assembled  with  new  12  segment  bearings.  Because  of  the  under- 
size repaired  shaft,  the  calculated  bearing  swayspace  was 
increased  by  0.0047  inches.  Loaded  runs  were  made  at  reduced 
speeds  to  minimize  risk.  Since  maximum  load  capacity  has  been 
determined  to  be  only  a weak  function  of  speed,  the  low  speed 
runs  were  felt  to  provide  additional  insight  into  bearing  perfor- 
mance. Initial  tests  ran  to  3.14  and  4.42  bearing  psi  at  20,000 
and  25,000  rpm  respectively.  Further  testing  demonstrated  5.1 
bearing  psi  at  23,000  rpm  but  the  onset  of  bearing  instability, 
as  noted  by  changes  in  the  synchronous  orbit,  was  observed  at 
4.8  bearing  psi  at  28,000  rpm.  Disassembly  revealed  the  bearing 
wear  pattern  was  too  close  to  the  foil  trailing  edge.  Configura- 
tion 25  was  therefore  run  with  foil  overlap  reduced  from  47.5  per- 
cent to  46.3  percent  (foil  length  reduced  by  approximately  0.050 
inch) . Operation  of  this  configuration  was  characterized  by  the 
recurrence  of  subsynchronous  shaft  excursions.  This  again  points 
out  the  fact  that  subtle  changes  made  to  enhance  bearing  perform- 
ance can  have  significant  impact  on  the  rotor  dynamics  of  the 
entire  system.  Since  the  foil  cutback  had  increased  the  measured 
sway  space  from  0.0175  to  0.0215  inch,  shims  again  were  used  to 
reduce  this  value  to  0.017  inch  for  Configuration  26.  Testing  v;as 
repeated  at  23,000  and  28,000  rpm  for  this  configuration.  Bearing 
lim.it,  evidenced  by  the  onset  of  half  frequency  whirl,  was  reached 
at  3.737  bearing  psi  at  23,000  rpm.  The  bearing  was  gradually 
loaded  to  5.4  psi  at  28,000  rpm  (Time  0 shown  on  Figure  111),  when 


a half  frequency  excitation  condition  developed,  which  is  shown 
on  Time  3 seconds  on  Figure  111.  At  this  point,  the  load  was  re- 
duced to  zero.  The  excursions  continued  to  arow  to  the  point  of 
failure  with  a nearly  instantaneous  speed  reduction  to  zero  rpm 
and  a total  elapsed  time  of  6 seconds.  The  turbine-end  bearing 
had  welded  itself  to  the  shaft  as  shown  in  the  sequence  of  photos 
(Figures  112,  113,  and  114.)  As  shown  in  Figure  115,  this  test 
data  can  be  extrapolated  to  approximately  7.5  bearing  psi  at  de- 
sign speed.  The  half-frequency  excitation  could  be  attributed  to 
a sub-harmonic  arising  from  shaft  rub  on  the  foils. 


Conclusions  reached  after  extensive  testing  of  12-segment 
bearings  utilizing  0.012  inch  foil  material  is  that  the  available 
compliancy  of  this  configuration  limits  bearing  capacity  to  the 
6 psi  range.  When  0.012  inch  thick  matericil  for  overlapping  foils 
is  used,  too  much  of  the  arc  length  has  a thick  low  pressure  film 
thus  limiting  the  overall  capacity  of  the  bearing.  This  bearing 
geometry,  however,  did  exhibit  a degree  of  stability  unmatched 
by  any  of  the  six-or  eight-segment  bearings  tested  in  this  program. 

Configuration  27,  the  preplanned  high  temperature  test  con- 
figuration, was  assembled.  This  configuration  consisted  of  a 
stainless  steel  bearing  carrier  (previously  aluminum)  for  the  high 
temperature  air,  machined  for  a 10-segment  bearing.  Foils  were 
available  with  Kaman  DBS  coating,  but  the  initial  test  run  of  this 
configuration  was  with  Teflon-S  for  the  multi-plane  multi-speed 
balancing  operation.  The  test  shaft  was  the  shortened  Inconel  718 
shaft  with  Tribaloy-400  coating  on  the  journal  surfaces.  When 
the  test  rig  was  operated  to  22,000  rpm,  the  high  ellipticity  of 
the  orbit  indicated  the  possible  approach  of  a backward  precession 
mode,  which  produced  a mid-plane  excursion  of  12  mils  that  could 
not  be  corrected  by  multi-speed/multi-plane  balancing.  Shaft  ex- 
cursions with  speed  are  shown  in  Figure  116. 

A contributory  Cvuuse  of  the  lowered  speed  at  which  the  back- 
ward mode  develops  is  currently  considered  to  be  the  lack  of  a foil 
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at  the  90°  circumferential  position,  (i.e.,  lack  of  perpendicular 
symmetry)  to  resist  the  cross-coupling  forces  observed  in  the 
journal  bearing  static  elasticity  analysis.  As  a result,  high 
temperature  testing  was  performed  at  20,000  rpm.  The  material 
combination  of  Kaman  DES  on  the  foils  and  oxidized  Tribaloy-400 
on  the  journal  is  acceptable  for  operation  at  temperatures  far  in 
excess  of  Teflon-S  allowable  limits.  Test  conditions  achieved 
during  run  1 of  Configuration  28  at  1 g were  385°F  and  440°F  cool- 
ant inlet  temperature,  respectively,  at  the  test  bearing  and  tur- 
bine bearing.  The  temperature  differences  are  a result  of  differ- 
ent amounts  of  dilution  of  the  high  temperature  coolant  due  to 
secondary  rig  air  flows,  which  are  different  at  both  ends.  The 
test  bearing  end  of  the  rig  has  cold  air  sources  from  the  hydro- 
statically supported  dynamometer  and  from  the  parachute  loader  hy- 
drostatic support  air  (used  to  provide  a small  amount  of  shaft  ID 
cooling  flow.) 

The  second  run  with  this  configuration  was  a 50-start  foil 
durability  test.  The  sequence  of  testing  was  10  room  temperature 
starts  followed  by  10  starts  at  500°F  coolant  temperature,  then 
repeat  room  temperature  tests  followed  by  10  starts  at  300°F 
and  a final  10  at  500°F.  This  plan  was  incorpor-  ‘■ed  to  investi- 
gate whether  the  high  temperature  would  regeneii.  any  beneficial 
journal  coating  oxide  which  might  have  been  rem'"  <d  during  the 
low  temperature  starts.  Test  results  are  shown  in  Figure  117. 

The  left  hand  scale  represents  the  peak  torque  recorded  during 
start  at  the  initiation  of  shaft  breakaway.  The  breakaway  torque 
values  indicated  in  the  right  margin  represent  recorded  values 
obtained  by  rotation  of  the  shaft  with  a torque  wrench  at  very 
slow  speed.  The  only  anomaly  noted  after  disassembly  was  the 
presence  of  scratches  apparently  caused  by  some  foreign  particles. 
Conclusions  reached  from  this  test  are  that:  (1)  the  coating  has 

sufficient  durability  to  be  a candidate  for  further  bearing  pro- 
grams; (2)  some  coating  deterioration  takes  place  during  the  start- 
stop  cycle;  (3)  operation  at  temperatures  typical  of  engine  com- 
pressor exit  temperature  will  not  significantly  regenerate  journal 
oxide  coating  and  therefore  will  not  restore  friction  coefficients 
to  new  part  levels. 
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The  final  run  using  this  bearing  configuration  was  an  attempt 
to  simulate  bearing  coolant  pressure  and  temperature  conditions 
representative  of  engine  operation.  However  the  large  radial 
clearance  of  the  test  bearing  fore  and  aft  labyrinth  seals,  needed 
to  accommodate  the  required  sway  space,  permitted  high  pressure 
coolant  to  leak  into  the  rig  end  cavity  and  create  a rig  thrust 
unbalance  that  exceeded  the  capacity  of  the  thrust  bearings. 

This  was  the  only  thrust  bearing  failure  experienced  on  the  jour- 
nal bearing  test  rig.  Note  in  Figure  118  that  the  inboard  bear- 
ing failed  at  the  OD  while  the  outboard  bearing,  which  absorbed 
the  thrust  unbalance,  failed  at  the  ID,  indicating  that  some 
dishing  of  the  thrust  runner  had  occurred. 

For  Configuration  30,  the  test  rig  was  modified  to  perform 
the  dynamic  simulation  test  within  the  limits  > the  12-segment 
bearing  capacity.  Twelve- segment  bearings  with  Teflon-S  were 
installed  at  the  turbine  end  and  NiCo  coated  foils  installed  at 
the  test  bearing  end.  An  initial  checkout  run  was  made  and  all 
parameters  were  considered  acceptable  to  25,000  rpm.  The  rig  was 
then  modified  to  misalign  the  test  bearing  equivalent  to  the  mis- 
alignment developed  under  a 3.5  radian/second  yaw  condition 
(0.05  degree)  and  the  parachute  loader  was  added  to  apply  the 
radial  load  to  the  bearing.  The  test  bearing  seized  at  21,200 
rpm  during  the  first  acceleration.  Disassembly  of  the  bearing 
revealed  that  only  the  outboard  edges  of  the  bearing  had  rubbed 
the  shaft  hard  enough  to  cause  the  seizure. 

The  outboard  wear  was  partially  the  consequence  'f  insuffi- 
cient bearing  air  film  (because  of  the  edge  leakage)  until  speeds 
above  the  nominal  foil  lift-off  speeds  are  reached.  It  is  ielt 
that  the  factors  of  low  speed  bearing  end  leakage,  the  thin  film 
foil  coating,  and  the  axial  bending  rigidity  of  the  0.012  thick 
preformed  foils,  contributed  to  the  seizure.  This  axial  rigidity 
limits  the  variation  in  axial  foil  compliancy  that  is  required  to 
accommodate  the  misaligned  condition. 
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3.5.2  Foil  Thrust  Bearing  Development  Tests 

3. 5. 2.1  Baseline  Bearing 

The  baseline  foil  thrust  bearing  was  a previously  proven 
design  scaled  to  the  size  required  for  this  application.  The 
bearing  is  a three-part  assembly  in  the  form  of  an  annulus,  6.15 
inches  OD  and  3.5  inches  ID.  The  bearing  is  made  of  13  0.006  inch 
thick  Inconel  X-750  foils  welded  to  a base  of  0.010  inch  Inconel. 
The  foils  are  coated  with  0.001  inch  thick  Teflon-S.  The  teflon 
coated  area  represents  89.5  percent  of  the  projected  annulus  area 
which  is  capable  of  carrying  a thrust  load.  These  foils,  welded 
on  one  side  only,  are  free  to  conform  to  the  required  shape  to 
support  the  load  carrying  air  film.  The  spring  assembly  consists 
of  13  Inconel  springs  as  shown  in  Figure  119,  welded  to  a 0.012 
inch  thick  Inconel  base.  An  intermediate  stiffener  between  the 
bearing  and  spring  assembly  provides  additional  stiffness  as 
required.  The  spring  centerline  orientation  is  approximately  17° 
beyond  the  leading  edge  of  the  foil. 

Initial  testing  during  test  rig  checkout  showed  heavy  bearing 
wear  at  the  foil  ID.  This  problem  was  eliminated  by  providing 
spring  assemblies  with  gradually  increasing  spring  height  from 
ID  to  OD.  Several  tests  were  made  on  this  baseline  configura- 
tion with  maximum  demonstrated  capacity  at  about  300  lb  load. 

Wear  patterns  similar  to  that  shown  in  Figure  120  are  indicative 
of  maximum  bearing  capacity  levels. 

3. 5. 2. 2 Dual  Spring  Design 

Analytical  prediction  of  maximum  baseline  bearing  capacity 
closely  agreed  with  test  results.  To  provide  an  increased  area 
of  support  for  the  high  pressure  air  film,  a spring  assembly  using 
two  springs  was  designed.  This  spring  configuration  is  shown 
schematically  in  Figure  121.  During  test  the  air  film  was  lost  at 
a low  load  of  200  pounds  at  33,000  rpm,  resulting  in  foil  melting 


as  shown  in  Figure  122.  The  air  film  loss  was  attributed  to 
spring  height  relationship  between  two  pad  springs.  Although  the 
individual  springs  have  a manufacturing  tolerance,  a relative 
tolerance  must  be  applied  after  assembly  that  can  be  met  only  by 
machining  each  spring.  The  leading  spring,  which  has  the  lower 
spring  rate,  has  the  lower  height,  therefore  making  a natural 
built-in  wedge  to  initially  develop  a load  carrying  film. 

With  considerable  difficulty,  a dual  spring  assembly  was  fab- 
ricated with  proper  spring  height  relationships,  i.e.,  an  increase 
in  spring  height  from  foil  leading  to  trailing  edge  and  an  in- 
crease from  ID  to  OD.  Results  of  test  were  no  better  than  before, 
nor  were  better  results  achieved  with  further  modifications  re- 
ducing the  leading  edge  spring  length.  Maximum  load  capacity  of 
this  sp  g configuration  remained  at  200  lb. 

3. 5. 2. 3 Partial  Pad  Stiffener 

The  partial  pad  stiffener  spring  design,  shown  schematically 
in  Figure  123,  evolved  as  a means  to  accomplish  pad  stiffening  of 
the  dual  spring  assembly  and  to  eliminate  manufacturing  diffi- 
culties previously  experienced.  Initial  test  sequence  involved 
direct  comparison  tests  of  the  three  designs  developed  to  that 
date.  All  configurations  used  a Teflon-coated  foil  but  with 
variations  in  the  spring  and  stiffener  assemblies.  These  varia- 
tions included  combinations  of  the  baseline  spring  assembly, 
modified  dual  spring  assembly,  partial  pad  stiffener  spring 
assembly,  and  the  0.010  or  0.012  inch  thick  intermediate  stif- 
fener. Data  from  this  test  series  were  used  as  an  instrument  to 
analyze  friction  torque  and  cooling  characteristics,  as  a function 
of  bearing  load.  Some  data  resulted  in  a typical  plot  (Figure 
124),  which  shows  the  specific  torque-versus-torque  for  three 
configurations  of  interest.  Configuration  10  (modified  dual 
spring)  is  near  capacity  limit  because  the  specific  torque  (torque 
per  unit  load)  is  increasing.  The  curve  also  ahows  that  the 


Figure  122.  Dual  Spring  Thrust  Bearing  Deterioration 


Figure  124.  Foil  Thrust  Bearing  Data  Torque  Versus  Specific  Torque. 


baseline  spring  assembly  and  pa>'tial  jjad  stiffener  spring  assembly 
have  not  reached  capacity  limit  for  the  loads  shown. 


However,  it  was  felt  that  continued  testing  with  the  partial 
pad  stiffener  design  offered  more  opportunity  to  achieve  higher 
load  capacity,  based  on  the  correlation  between  analytical  pre- 
dictions and  previous  tests. 


In  reviewing  data  from  previous  failures,  it  appeared  that 
foil  operating  temperature  could  have  been  a contributory  factor. 
Operational  temperature  limits  for  Teflon-S  are  about  550'^F  but 
measuring  actual  foil  temperature  had  proven  to  be  extremely  dif- 
ficult. Previous  attempts  ro  attach  thermocouples  to  the  foils 
or  intermediate  stiffeners  had  always  resulte’d  in  failures  due  to 
local  protrusions  or  the  inability  of  the  thermocouple  lead  wires 
to  conform  to  the  bearing  operational  geometry.  Since  the  only 
reliable  temperature  obtainable  was  that  of  the  cooling  air 
leaving  rhe  bear’.ng,  and  data  revealed  that  bearing  failures 
had  occurred  when  this  temperature  reached  300°F,  a test  was  run 
using  increasing  amounts  of  cooling  air  to  maintain  a constant 
discharge  air  temperature  as  load  increased.  This  testing  re- 
quired a larger  quantity  of  cooling  air  at  higher  loads,  and  re- 
sulted in  maintaining  the  bearing  coating  temperature  while 
subjecting  the  bearing  to  a previously  unachieved  540-pound  load 
(27  psi) , shown  in  Figure  125.  The  test  was  terminated  at  this 
load  due  to  test  instrumeiitation  limits  and  not  by  the  achieve- 
ment of  maximum  bearing  load  capacity. 


A spring  rate  test  also  was  conducted  on  the  spring  assembly 
utilizing  the  partial  pad  stiffener  and  baseline  spring.  Since 
the  baseline  spring  was  not  designed  for  these  high  loads.,  the 
test  purpose  was  to  determine  maximum  spring  capability.  Sub- 
sequent bearing  testing  with  this  spring  assembly  indicated  a 
rotor  instability,  which  v;as  traced  to  uneven  heights  of  the 
13  springs,  indicating  spring  material  yielding  during  the  spring 


rate  test.  A spring  stress  analysis  showed  that  the  material 
could  have  yielded  when  the  total  load  exceeded  600  pounds. 
Therefore,  a thrust,  bearing  pad  spring,  capable  of  supporting 
the  target  thrust  bearing  loads,  was  designed.  The  spring 
material  was  changed  from  Inconel  X-750  to  Inconel  718,  which 
permitted  a spring  design  with  higher  stress  levels.  Material 
thickness  was  increased  from  0.014  to  0.020  inch,  and  the  spring 
width  from  0.46  to  0.64  inch. 

Thrust  bearing  foils  of  0.006  inch  thick  Inconel  X-750  cor 
higher  temperature  use  were  coated  with  molybdenum  disulphide 
(M0S2)  and  another  group  of  foils  was  cut  from  0.004  inch  thick 
Haynes  25,  and  oxidized. 

The  test  that  incorporated  both  the  redesigned  springs  and 
the  M0S2  coated  foils  resulted  in  failure  at  the  low  load  of  40 
lb  (See  Figure  126) . Since  this  failure  could  have  been  due  either 
to  the  spring  assembly,  the  foil  coating,  or  a foil  weld  failure, 
subsequent  tests  were  used  to  evaluate  the  individual  changes. 

A 200  lb  load  demonstration  was  made  with  a Teflon-S  bearing 
and  the  original  partial  pad  stiffener  spring  assembly,  which 
•/erified  rig  operation.  The  next  test,  using  the  same  bearing 
but  the  Inconel  718  spring  assembly,  resulted  in  failure  below 
200  lb  load,  indicating  the  spring  design  was  too  stiff  to  provide 
required  foil  compliancy  characteristics. 

In  order  to  better  evaluate  the  individual  spring  assembly 
ev^mjjonents,  a fixture  that  permitted  testing  individual  springs 
v-os,  obtained.  The  test  procedure  was  to  measure  the  spring  de- 
flection upon  application  of  20  pound  and  50  pound  loads.  This 
represented  a total  bearing  load  level  of  260  and  650  pounds 
respectively.  Approximately  15  samples  of  each  type  of  spring 
v/ere  tested.  In  addition,  one  spring  was  repeatedly  tested  for 
i. 5 trials  at  50  pounds  load,  to  assess  test  accuracy.  Results 


are  indicated  in  Table  18.  As  shown,  the  accuracy  of  the  test  is 
very  high,  but  in  all  cases  at  the  higher  loads  the  Inconel  718 
springs  experience  less  deflection.  These  higher  stiffness 
values  imply  that  bearing  compliance  is  reduced  as  load  increases, 
although  the  0.U14  thick  Inconel  718  springs  nearly  duplicate  the 
X-750  spring  performance.  The  high  standard  deviation  of  these 
springs  would  have  to  be  reduced  significantly  through  manufac- 
turing process  improvements  to  minimize  cir-  umferential  variations 
in  bearing  compliance. 

Further  insight  into  the  spring  geometry  problem  is  provided 
in  Figure  127.  The  "as  assembled"  data  shows  the  variation  in 
both  circumferential  and  radial  spring  height  of  a just  completed 
spring  assembly.  The  "after  adjustment"  data  shows  a more  uni- 
form assembly.  Data  in  the  right  margin  indicates  the  mean 
height,  maximum  and  minimum  variation  from  the  mean,  and  circum- 
ferential standard  deviation,  for  the  three  radial  portions  of 
the  spring.  Note  the  achievement,  after  adjustment,  of  a slight 
height  increase  from  ID  to  OD.  Obtaining  this  type  of  data  re- 
quires a measurement  at  39  locations,  followed  by  hand  adjust- 
ment, as  required,  and  remeasurement. 

Verification  of  spring  yielding  was  obtained  from  single 
spring  test  data.  Figure  128  shows  a comparison  of  the  original 
Inconel  X-750  spring  (-3)  with  the  0.020  thick  Inconel  718  type 
(-4).  The  net  deformation  after  relaxation,  shows  considerable 
yielding  at  bearing  loads  of  700  lb  and  above  for  the  Inconel 
X-750  type.  The  Inconel  718  spring  shows  no  yielding  whatsoever, 
making  the  spring  assembly  height  adjustment  quite  difficult. 

It  is  anticipated  that  fv^rther  manufacturing  development  would 
be  required  to  alleviate  this  situation. 


Upon  resumption  of  bearing  tests,  a standard  spring  assembly 
with  a M0S2  coated  bearing  was  tested.  The  bearing  coating 
(0.0007  inch  thick)  showed  considerable  wear  after  a maximum  load 
of  IOC  pounds.  After  a test  of  another  bearing  to  assure  the  rig 
was  not  misaligned  it  v/as  concluded  that  the  thin  M0S2  coating 
was  not  a good  wear  resistant  coating. 
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Figure  128.  Single  Thrust  Bearing  Spring 
Yield  Point. 


It  was  felt  that  increasing  bearing  pad  area  would  increase 
load  capacity,  so  a v;ide  pad  bearing  was  definoci,  in  wiiicli  the 
coated  surface  was  increased  to  94.1  percent  of  the  total  pro- 
jected area.  When  tested,  this  pad  assembly  (Conf igurat; on  20) 
achieved  a load  of  342  lb  before  prefailure  indications  appeared. 
Upon  examination,  the  pad  wear  patterns  indicated  that  the  trail- 
ing portion  of  this  larger  pad  was  not  being  effectively  utilized, 
This  same  bearing  assembly  was  modified  by  repositioning  the 
locating  slots,  which  rotated  the  spring  assembly  centerline  2.2° 
tov/ard  foil  pad  trailing  edge.  This  resulted  in  a 30  percent 
increase  in  load  capacity  to  441  pounds  and,  as  shown  in  Figure 
129,  the  area  of  Teflon  discoloration  at  the  minimum  film,  maxi- 
mum temperature  point,  had  been  relocated  as  intended.  Another 
test  was  performed  with  H0S2  on  wide  pad  foils,  which  again 
demonstrated  inadequate  performance,  achieving  a maximum  capacity 
of  180  pounds.  The  reason  for  failure  is  considered  to  be  the 
effect  of  a thin  foil  coating  as  it  affects  the  development  of 
the  load  carrying  film,  which  is  discussed  later  in  the  report. 


The  conclusion  reached  as  a result  of  test  configurations 
described  above  relates  to  high  film  temperature  reached  at  the 
point  of  minimum  film  thickness.  The  Inconel  foil  materials  used 
to  date  have  had  a low  thermal  conductivity  factor,  and  there- 
fore retain  heat  at  the  point  of  generation,  which  may  cause  foil 
distortion.  Therefore,  materials  with  a higher  rate  of  thermal 
conductance  v?ere  investigated  for  suitability  to  foil  bearing 
fabrication.  An  alternate  method  of  conducting  heat  from  the 
"hot  spot"  is  to  increase  foil  thickness.  Configurations  25  and 
29  explore  this  concept  of  conducting  heat  from  the  minimum  film 
space,  as  discussed  later  in  this  report. 


Configuration  23  v/as  fabricated  and  assembled  with  Kaman  SCA 
coating  on  the  thrust  runner  and  Kaman  DBS  coating  on  the  foils, 
hifficulty  \-/as  experienced  in  photo-etching  the  f o i ].  shapes,  as 
the  etching  agent  attacked  the  coating,  thereby  rendering  the  foils 
innsaljle.  As  a result,  the  individual  foils  were  hand  cut. 


since  this  represented  the  initial  high  temperature  run  of 
this  material  combination,  which  had  proven  successful  in  the  wear 
test  rig,  the  bearing  was  inspected  after  several  revolutions  of 
hand  turning.  The  foil  coating  had  worn  through  at  several  high 
points  because  of  three  contributing  factors  as  follows: 

o The  torque  table  had  hung  up  on  a chamfer  and, 

therefore,  was  at  an  angle  to  the  thrust  runner. 

o One  foil  was  not  flat. 

o The  foil  coating  in  this  case  was  0.0001  inch 

thick,  whereas  the  wear  test  rig  foil  coatings 
were  0.0003  inch  thick.  The  reason  for  the  thinner 
coating  was  to  keep  the  foils  flat,  as  the  appli- 
cation process  for  Kaman  DES  curls  the  0.006  inch 
thick  foils. 

Therefore,  this  combination  of  Kaman  coating  does  not  appear  to 
be  acceptable  for  thrust  bearings,  but  may  be  for  the  thicker 
journal  bearings. 

Configuration  24  was  fabricated  with  a rectangular  shaped 
partial  stiffener  welded  between  the  spring  and  circumferential 
stiffener,  and  wide  pad  Teflon-S  coated  foils.  This  stiffener 
geometry  is  intended  to  additionally  stiffen  the  ID  of  the  bear- 
ing and  thus  transfer  some  load  to  the  OD.  A foreign  particle, 
less  than  0.005  inches  thick,  under  one  foil  caused  termination 
of  testing  at  225  lb  load. 

Configuration  25  was  fabricated  with  0.0085  inch  thick  wide 
pad  foils  (normally  0.006  inch  thick)  for  the  purpose  of  provid- 
ing a larger  heat  sink  for  heat  generated  at  the  point  of  minimum 
film  thickness.  The  remainder  of  the  configuration  was  identical 
to  the  earlier  configuration  that  was  experiencing  shaft  insta- 
bility. Load  capacity  achieved  was  324  pounds.  Teflon  scorching 
was  also  evident  at  disassembly.  Two  reasons  are  cited  for  this 


beariny's  inability  to  carry  a higher  load;  the  thicker  foils 
lack  of  compliancy,  and  the  materials  thermal  conductivity  is  more 
important  than  thickness  for  heat  sink  considerations. 

Retesting  of  the  v;ide  pad  bearing  with  the  rectangular 
shaped  partial  stiffener  (Configuration  27)  was  considerably 
more  successful.  This  configuration  was  loaded  to  397  pounds. 

The  wider  thrust  pad  had  previously  been  tested  with  the  partial 
pad  stiffener  to  a load  of  342  pounds.  This  indicates  a load 
capacity  increase  of  55  pounds  for  the  rectangular  stiffener. 
Comparing  this  test  data  with  results  of  previous  configuration 
tests  indicates  (although  it  cannot  positively  be  concluded) 
that  the  wider  thrust  pad  slightly  reduces  the  thrust  bearing 
capacity . 

The  second  test  conf iauration  (28)  was  the  same  as  Configura- 
tion 27  except  for  a 2.2  degree  rotation  of  the  spring  toward 
the  trailing  edge  of  the  pad.  This  increased  the  bearing  capac- 
ity by  89  pounds,  to  486  pounds.  The  spring  rotation  on  a pre- 
vious bearing  configuration  increased  the  capacity  by  100  pounds, 
which  substantiates  the  credibility  of  this  design  technique. 

Configuration  29  was  fabricated  with  Teflon-S  coated  0.006 
inch  thick  beryllium  copper  wide  pad  foils.  The  spring  assembly 
was  the  same  as  Configuration  20,  v;hich  demonstrated  a 342  pound 
capacity.  This  test  was  term.inated  after  a 4 69  pound  load  was 
applied  to  the  bearing.  Although  the  bearing  capacity  had  not 
been  reached,  the  foils  v/ere  no  longer  flat,  resulting  in  local- 
ized wear-through  of  the  Teflon-S  (Figure  130) . The  test  demon- 
strated that,  with  a high  thermal  conductance,  beryllium  copper 
conducted  the  heat  from  the  minimum  film  space,  where  the  highest 
temiperatures  occur'  within  the  bearing.  This  is  shown  in  Figure 
130  by  the  broader  area  of  discoloration  in  the  Teflon-S.  The 
reduced  temperature  in  the  minimum  film  space  permitted  the  bear- 
ing to  operate  at  a higher  load  before  overtemperaturing  the 


Teflon  coating.  Using  a bearing  material  possessing  high  thermal 
conductance  is  a desirable  design  technique  for  almost  any  coat- 
ing. Beryllium  copper  is  not  considered  an  acceptable  material 
for  this  program's  final  bearing,  but  it  has  been  demonstrated 
that  maximized  bearing  performance  can  be  achieved  by  optimizing 
a bearing  material's  thermal  conductance. 

Test  configuration  number  30  consisted  of  0.0001  inch  thick 
Kaman  DES  on  Inconel  X-750  foils,  and  a spring  assembly  with  the 
modified  rectangular  partial  stiffener  rotated  2.2®  from  basic, 
which  is  considered  the  highest  capacity  configuration  tested  to 
date.  Purpose  of  the  test  was  to  note  the  bearing's  performance 
at  full  engine  thrust  (i.e.,  200  pounds  on  the  engine  thrust 
bearing)  while  supplying  cooling  air  to  the  bearing  in  tempera- 
ture increments  up  to  that  experienced  in  the  engine.  The  test 
data  plotted  in  Figure  131  show  no  unusual  bearing  performance. 

The  condition  of  the  bearing  after  the  test  (Figure  132)  did  not 
indicate  any  distress  as  a result  of  the  bearing  operating  tem- 
perature, but  did  show  that  the  coating,  which  was  only  0.0001 
thick,  was  not  very  tolerant  of  the  starts  and  stops  or  the  small 
foreign  particles  existing  in  the  bearing  after  fabrication. 

The  thicker  Teflon  coatings  have  demonstrated  a degree  of  toler- 
ance for  these  conditions.  Thicker  Kaman  DES  coatings  need 
further  investigation  and  development,  having  previously  shown 
that  the  base  foil  distorts  during  the  coating  application.  The 
thrust  bearing  wear  characteristic  was  not  exhibited  in  the 
journal  bearing  wear  test  rig  because  the  journal  bearing  has  a 
different  contact  characteristic.  Therefore,  a higher  level  of 
confidence  can  be  placed  in  Kaman-coated  journal  bearing  tests. 

Configuration  31  consisted  of  Teflon-S  coated  beryllium  copper 
foils  with  the  Configuration  30  spring  assembly.  Purpose  of  the 
test  was  to  subject  the  bearing  to  conditions  of  misalignment  and 
note  changes  in  bearing  performance.  This  test  was  performed  in 
thrust  bearing  load  increments  up  to  the  full  power  thrust  load 
on  the  rotating  group,  approximately  200  pounds.  Misalignment 
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conditions  up  to  0.006  inch  diametral  were  tested.  The  only 
bearing  characteristic  affected  to  any  degree  was  the  bearing 
torque,  which  decreased  with  increased  misalignment  (Figure  133). 
The  cause  of  this  phenomenon  is  currently  unknown.  However,  the 
thrust  bearing  has  demonstrated  the  ability  to  operate  at  the 
maximum  misalignment  conditions  expected  in  the  engine  applica- 
tion. 

The  final  foil  thrust  bearing  development  program  test  se- 
quence was  a dynamic  load  test,  intended  to  simu] ate  more  realis- 
tically arrested  landing  loads  and  other  short  duration  maneuver 
conditions.  For  this  test,  an  alternative  material  with  high 
temperature  capability  was  selected,  due  to  the  relatively  poor 
performance  demonstrated  by  the  Kaman  coating.  A nickel  cobalt 
tank  plating  process  was  selected,  but  it  was  fouuu  that  during 
the  plating  process,  stresses  were  induced  in  the  base  material, 
causing  it  to  distort  or  peel  the  coating  from  base  material. 
Material  was  coated  by  the  "Selectron  Process"  and  was  mechan- 
ically rolled  to  produce  flat  foil  stock.  Configuration  32  was 
fabricated  using  this  pad  coating  on  wide  pad  foils  with  the 
rectangular  partial  stiffener  and  2.2°  rotation.  The  test  was 
run  with  Kaman  SCA  coated  thrust  runner,  but  failure  occurred 
prior  to  reaching  the  nominal  200  pound  load  rating  point. 

The  spring  assembly  survived  the  failure  and  the  final  test 
configuration  was  assembled  using  the  beryllium  copper  bearing 
that  had  performed  the  misalignment  tests  and  a nickel  cobalt 
coated  runner.  Load  was  applied  dynamically  at  a rate  of  63 
Ib/sec,  starting  from  the  200  lb  load  level.  The  test  history 
is  shown  in  Figure  134.  The  bearing  successfully  achieved  a 
transient  load  level  of  630  lb.  Upon  the  final  load  applica- 
tion, a failure  occurred  at  a load  of  682  lb.  This  failure  could 
have  resulted  either  by  reaching  maximum  bearing  capacity  or  due 
to  yielding  of  the  Inconel  X-750  springs. 
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4.0  CONCLUSIONS  AND  RECOMl-'iENDATIONS 


4 . 1  Analytical  Program 


4.1.1  Analytical  Tools  - Conclusions 


The  elasto-hydrodynamic  thrust  bearing  analytical  program 
has  proved  to  be  a valuable  design  tool  in  predicting  foil  thrust 
bearing  performance.  In  addition,  this  computer  program  has  per- 
mitted critical  examination  of  the  baseline  bearing  deficiencies 
and  yielded  viable  design  alternatives  that  have  proved  successful 
in  improved  thrust  bearing  load  capacity.  The  optimization  study 
and  subsequent  testing  demonstrates  that  much  improved  load  capac- 
ities can  be  achieved. 


The  iourna*  bearing  analytical  computer  simulation  was  a most 
valuable  tool  in  assessing  foil  elasticity  for  rotor  stability  and 
critical  speed  design  of  the  journal  bearing  rig.  This  complex 
multi-foil  non-linear  elasto-hydrodynamics  program  has  success- 
fully analyzed  foil  journal  bearing  performance.  However,  the 
current  journal  bearing  program  has  limitations  with  respect  to 
convergence  at  eccentricities  greater  than  0.002  to  0.005  inches 
as  was  demonstrated  in  this  test  program  with  a journal  bearing 
capacity  of  6.5  psi. 


4.1.2  Analytical  Tools  - Recommendations 


4. 1.2.1  Bearings 


It  is  apparent  from  the  success  of  the  analytical  efforts 
that  foil  bearing  performance  can  be  significantly  .■’mproved  by 
proper  utilization  of  these  computer  simulations.  However,  these 
design  tools,  and  in  particular  the  journal  bearing  computer  pro- 
gram, are  only  a first  step  in  achieving  full  design  capability. 
The  journal  bearing  program  should  be  upgraded  to  permit  a ite 
element  representation  of  foil  elasticity  as  in  the  thrusi  .jearing 
program.  This  extension  will  permit  examination  of  axial  effects 
such  as  anti-clastic  curvature,  which  may  affect  overall  bearing 
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performance.  Specialized  foil  contours  such  as  tapered  foils 
could  be  handled  more  efficiently  with  a finite-element  represen- 
tation. 

4 . 1 . 2 . 2 Foil  Journal  Bearing/Rotor  Dynamic  Analysis 

It  should  be  recognized  that  rotor  stability  has  played  a 
dominant  role  in  the  journal  bearing  test  rig  program.  Load 
capacity  alone  does  not  guarantee  a-priori  that  a rotor  system 
is  stable.  Rotor  inertia  and  elasticity  must  be  coupled  with 
support  properties  to  permit  full  stability  evaluation  of  rotor 
systems.  Excending  the  foil  bearing  analytic  programs  to  provide 
dynamic  stiffness  and  damping  coefficients  that  can  be  utilized 
in  rotor  stability  analysis  is  required. 


•M 
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4.1.3  Thermal  Analysis  Conclusions 

Thermal  analytical  activity  results  clearly  indicated  foil 
bearing  operating  temperature  trends  to  the  degree  that  operation 
at  a 50,000  ft  altitude  will  exceed  the  foil  materials  and  coating 
capability.  The  validity  of  this  analysis  must  be  checked  by 
actual  foil  temperature  measurement  in  the  future.  Where  unaccept- 
ably high  temperatures  exist  they  can  be  reduced  by  internal  rotor 
cooling  schemes. 

4.1.4  Thermal  Analysis  Recommendations 


Actual  measurement  of  the  foil  bearing  component  temperatures 
should  be  obtained  to  determine  the  validity  of  the  analyses  accoa 
plished  in  this  program.  Some  of  the  temperatures  are  difficult 
to  obtain  but  when  bearing  operating  temperatures  approach  base 
materials  and  coatings  limits,  measurement  of  bearing  component 
actual  temperatures  become  extremely  important. 
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4.2  Materials  Development 


4.2.1  Conclusions 


Conclusions  resulting  from  materials  development  activities 
are  as  follows: 

(a)  Three  alloys  were  established  for  shaft  and  foil 
substrate  materials.  Inconel  X-750,  Inconel  718 
and  Haynes  25  are  capable  of  meeting  foil  bearing 
strength,  modulus  of  elasticity,  and  oxidation  re- 
sistance requirements,  to  temperatures  of  1200°F. 


(b)  Several  low  friction,  oxidation  resistant  coatings 
were  acceptable  for  use  to  temperatures  of  1200°F 
and  were  as  follows  in  their  order  of  preference; 


CrjOj 


Kaman  DES  or  SCA  (Cr20,  containing). 

NiCo  electroplate  (60-80  percent  Cobalt) 
Tribaloy-400 


Full  scale  rig  testing  indicated  Kaman  DES  is  an 
acceptable  journal  foil  coating  but  this  material 
exhibits  a variable  friction  coefficient.  As  a 
thrust  foil  coating,  Kaman  DES  must  be  thicker  for 
adequate  life  and  conformity. 

Tests  with  NiCo  used  as  the  foil  coating,  in  both 
full  scale  test  rigs,  were  unsuccessful  for  geo- 
metric reasons.  Because  of  successful  tests  in 
the  high  temperature  wear  test  rig,  NiCo  is  still 
considered  an  acceptable  coating. 


m ' 


(c)  Processing  or  application  of  the  above  coatings 
was  not  optimized  but  the  following  parameters 
were  established: 


o Adequate  surface  finish,  less  than  12  y- 
inch 

o Adequate  thickness,  0.0002  inch  minimum. 

o Sufficient  ductility  in  thin  layers  to  allow 
post-coating  fabrication  (bend  about  a 1-inch 
diameter  mandrel  without  microscopic  crack- 
ing) . 

4.2.2  Recommendations 

Recommendations  for  future  materials  work  are  as  follows: 

(a)  The  best  coatings  evaluated  in  the  program  Citem 
b,  conclusions)  should  be  optimized  with  respect 
to  application  parameters  and  then  tested  to  mean- 
ingful estimates  of  wear  performance  at  tempera- 
tures to  1200®F.  This  also  may  include  multiple 
coating  layers  of  different  materials. 


(b)  The  test  plan  for  these  coatings  should  include 
tests  to  determine  the  influence  of  brief  contacts 
of  bearings  at  high  speeds  as  well  as  start/stop 
cyclic  endurance. 

(c)  Re-evaluate  several  of  the  less  promising  coatings 
using  wear  test  rig  and  possibly  lower  test  tempera- 
tures (1000°F)  to  establish  merit  for  further 
consideration.  These  would  include  CB, ,Ca)F„  type 

3.  Z 

coatings,  Si^N^,  Cr^O^  and 
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4.3  Bearing  Tests  and  Development  Program 

4.3.1  Thrust  Bearing  - Conclusions 

4. 3. 1.1  Bearing  Configuration 

Table  19  summarizes  the  major  steps  in  the  development  of  a 
high  load  capacity  thrust  bearing.  As  indicated,  all  of  these 
configurations  are  capable  of  continuous  duty  at  200  lb  load, 
v’hich  represents  the  static  bearing  thrust  for  a Phase  II  engine. 
However,  it  is  concluded  that  the  wide  pad  bearing  with  the  ro- 
tated orientation,  using  a rectangular  spring  stiffener  has  the 
highest  probability  of  reaching  maxinuim  dynamic  load  capacity. 

With  the  help  of  the  analytical  program  the  thrust  bearing 
load  capacity  was  increased  from  300  pounds  to  540  pounds  under 
steady-state  conditions,  and  up  to  680  pounds  under  transient 
conditions,  which  approximate  applicable  MIL-E-5007  maneuver 
loads.  This  is  8 percent  short  of  the  goal  to  meet  the  arrested 
landing  load  requirement. 

Achieving  the  goal  is  well  within  the  reach  of  further  de- 
velopment through  spring  design  refinement  and  foil  coating  im- 
provements. 

i 

i 

I 

! 4. 3. 1.2  Foil  Coatings 

1 ‘ 

Conclusions  drawn  from  the  test  program  are  that  high  tem- 
perature coatings,  which  are  characterized  as  relatively  thin 
and  hard  surfaced,  are  not  able  to  sustain  a high  load  capacity. 
While  some  of  these  coatings,  specifically  Kaman  DBS,  have  demon- 
strated the  ability  to  operate  at  nominal  (200  lb)  loads  at  high 
temperatures,  failure  of  these  coatings  have  been  extremely 
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abrupt  and  totally  without  warning.  These  coatings  are  not  able 
to  deform  plastically  and  provide  warnings  of  imminent  failure  as 
the  Teflon~d  coated  bearings  consistently  have  done. 

It  is  felt  that  the  load  limitation  is  due  in  part  to  the 
geometry  effect  of  the  thin  coatings.  With  Teflon-S  the  bearing 
pad  has  a geometry  as  shown  in  Figure  13 5A.  The  step  up  to  the 
Teflon  is  felt  to  enhance  the  formation  of  the  load  carrying 
wedge  film.  The  higli  temperature  coatings  in  Figure  13 5B  do  not 
provide  this  presumably  favorable  situation. 

4.3.2  Thrust  Bearing  - Recommendations 

It  is  recommended  that  foil  thrust  bearing  tests  and 
development  be  continued  as  follows: 

(a)  Select  and  test  a pad  material  with  the  highest 

possible  thermal  conductivity  to  avoid  pad  thermal 
distortion  at  the  highest  film  temperature  location 
within  the  bearing. 

Cb)  Develop  a spring  design  with  the  strength  capabil- 
ity of  Inconel  718  but  continuing  the  adjustability 
features  demonstrated  with  the  Inconel  X-750  designs. 

(c)  Increase  the  load  carrying  ability  of  high  tempera- 
ture material  coated  foils. 

4.3.3  Journal  Bearing  - Conclusions 
4. 3. 3.1  Bearing  Configuration 

The  journal  bearing  capacity  improvement  program  was 
hampered  by  the  initially  undetermined  premature  bending  of  the 
test  shaft  in  the  journal  bearing  test  rig.  Considerable  effort 
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Figure  135.  Foil  Thrust  Bearing  Geometry 


was  spent  before  the  problem  was  determined  and  the  test  shaft 
shortened  6 inches  so  the  test  rig  could  be  brought  up  to  full 
speed  without  a bearing  failure.  This  permitted  a limited  amount 
of  testing  with  a 12-segment  bearing  but  did  not  permit  extensive 
10-segment  bearing  testing.  It  is  now  obvious  that  more  analyti- 
cal study  is  required  ir  the  area  of  the  dynamic  interrelation- 
ship of  foil  bearings  and  shaft  dynamics.  The  lack  of  test  suc- 
cess with  the  10  segment  bearing  compared  to  the  12  segment  indi- 
cates that  if  a bearing  other  than  the  12  segment  bearing  is 
required  to  accept  the  full  maneuver  loads  of  MIL-E-5007  the 
dynamic  interrelationship  must  be  readdressed  to  assure  success- 
ful engine  operation. 

Therefore,  the  conclusion  reached  in  this  program  is  that 
the  journal  bearing  that  can  best  meet  engine  demonstration  needs 
for  Phase  II  consists  of  the  12-segment  bearing  using  0.012  in. 
thick  Inconel  foils,  with  a measured  sway  space  range  of  0.016  - 
0.020  in.  for  a 4.50  in.  diameter  journal.  This  bearing  can 
adequately  handle  the  dynamics  situation  described  above,  and 
still  have  a demonstrated  capacity  of  6.5  psi  and  an  extrapolated 
capacity  (of  another  configuration  extrapolated  for  speed  and 
effect  of  engine  bearing  cavity  pressure)  of  8.6  psi.  Even 
though  the  shortened  test  rig  was  used  to  demonstrate  the  12  foil 
design,  it  should  be  noted  that  the  shortened  rig  dynamics  better 
approximate  the  engine  dynamics  than  the  original  rig  design. 

This  fact  is  based  upon  a recognition  that  the  engine  rotor  prin- 
cipal bending  mode  (Figure  11)  is  at  57,255  rpm  and  the  redesigned 
rig's  rotor  bending  mode  is  at  63,000  rpm.  The  mode  illustrated 
in  Figure  11  at  51,500  rpm  is  a tiebolt  mode  with  little  rotor 
bending  activity.  Thus  the  original  rig  design  had  a rotor 
bending  mode  at  76  percent  of  the  engine  rotor  bending  mode, 
whereas  the  6-inch  shorter  rig  has  a bending  mode  at  110  percent 
of  the  engine  bending  mode. 
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The  bearing  diameter  selected  for  the  test  engine,  coupled 
with  engine  shaft  speed  results  in  a peripheral  velocity  of 
39,000  feet/minute,  which  is  approximately  *50  percent  higher 
than  known  successful  cantilevered--leaf  foil  bearing  applications. 

The  development  of  these  characteristics  of  foil  journal 
bearing  demonstrates  the  need  for  additional  analytical  and  test 
work  to  further  expand  their  range  of  usefulness  and  meet  the  full 
maneuver  loads  of  the  intended  application. 

Testing  revealed  that  a certain  combination  of  bearing  spring 
rate  and  operating  sway  space  must  be  present  to  obtain  satisfac- 
tory system  rotor  dynamics.  Satisfactory  rotor  dynamics  must  be 
obtained  because  small  values  of  bearing  damping  will  permit 
shaft  excursions  to  grow  to  unacceptable  levels  if  excitation 
occurs.  It  is  not  understood  why  an  otherwise  acceptable  system 
should  incur  problems  if  foils  are  cut  back  slightly  or  sway  space 
increases.  Testing  these  systems  must  be  done  with  extreme  care 
as  the  rotational  energy  absorbed  at  failure  results  in  signifi- 
cant damage  to  journal  surfaces.  It  has  also  been  observed  that 
the  bearing  geometry  must  have  both  a vertical  and  horizontal  sym- 
metry to  preclude  what  has  been  identified  as  backward  precession. 

4. 3. 2. 2 Foil  Coatings 

Testing  indicated  that  Kaman  DBS  coated  foils  and  oxidized 
Tribaloy-400  coated  journals  can  provide  sufficient  capacity  for 
the  Phase  II  engine  test  program.  Further  work  will  be  required 
to  provide  materials  with  the  long  term  durability  required  by 
the  applications  of  high  temperature  foil  bearings  to  existing 
or  advanced  turbomachines. 


4.3.3  Journal  Bearing  - Recommendations 


It  is  recommended  that  foil  journal  bearing  tests  and  devel- 
opment be  continued  as  follows: 

(a)  Further  analytical  study  of  the  foil  journal  bear- 
ings as  well  as  shaft  dynamics  relationship. 

(b)  Continue  foil  journal  bearing  testing  with  the 
support  of  the  analytical  program,  to  increase 
its  load  carrying  capacity. 

(c)  Continue  efforts  to  provide  coating  materials 
with  long  term  durability. 

4 . 4 Overall  Conclusions  and  Recommendations 

The  in-depth  study  of  foil  bearing  characteristics  and  anal- 
ytical tools  developed  and  demonstrated  during  this  program  have 
significantly  advanced  techniques  to  improve  foil  bearing  capacity 
for  turbomachine  applications. 

The  foil  bearings  developed  in  the  study  exceed  the  require- 
ments for  a static,  sea  level  propulsion  engine  demonstration. 
Therefore,  it  is  recommended  that  this  demonstration  program  be 
undertaken. 
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Figure  A-8.  Typical  SEM  Appearance  of  Surface  of  Sputtered  Cr203 

Coating  on  Inconel  X-750  Foil  After  Bending  About  a 1/8-In. 
Diameter  Mandrel  (After  Heat  Treatment) . Coating  Thickness 
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X-750  Foil  After  Bending  About  a 1/8-In. 
Diameter  Mandrel  (After  Heat  Treatment) . 
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APPENDIX  B 

Table  B-1.  Thrust  Bearing  Configurations  Tested  (1  Page) 
Table  B-2.  Journal  Bearing  Configurations  Tested  (1  Page) 
Thrust  Bearing  Test  Configuration  Sheets  (37  Pages) 
Journal  Bearing  Test  Configuration  Sheets  (30  Pages) 
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SPEC/AL  CT^^^Etfi»r777E.KH<.> opuyli ■•>  uJttUDtt'  (>\>  B“vCV;  ">r  f -l.•^, 


STIFFEUER: 


P/H  -SKH0V7J 

THicjci^ess  . -P!.Q 
5P£g^<DMF_  ^ 


SPRIMS  ASSV  : P/n  3s^m-3o-  kp 

BASE  THKJOES  — i£i?-  , . 

SPEC,  COK^FtG.  >oQg/oi2.  oo;  Pti<  i aw  me; 


SREAtC-AVOA'i  l«>ROi>E  I TpTAL  )?»5  ..a./...^,. 

' Tersr  BRS.  -i IJ 

RDKjMIDG  ToROoe  : at  33k>*pvt)  , Boo  lbs 

AT  SSKhpro/ nx»x  l^^cl 

MA%.  LOAD  lbs. 

MAY.BPP-E© lt>5. 

UPT-OFF  SPEED  tS'.gpp  trpm 
TOOCH  OOa^^3  SPEED  - J/^oO  ypm 

data  PP\WT  N)~ 

RET1A\^»CS:  r> 


in.  ib5. 
in.  lbs. 


in.  lbs. 

m.lbs. 


M 


'C-  Vj;\o\  Q 


REPORT 

1 

pageJL 

OF  J 

THRUST  BHARmG  TEST  C0WF16URM10H  W 


FOIL:  Assy  R4j 

|S)0H6ER 

thickmess  ■ 

COAT/ MG  ~n;pcQKj  s 

BASE  THKl^ESS  -Q'<=> 

SPEC/AL  ColiFlS.  tTTT^  \ 

o o ^ ^ ^ ^ ^ ^ r ' Y* 

STIFFEWER:  P/N  <iVcA-o^‘2-l  ~ I 

TWlCKMESS 
SPEC.  ^:omf.  - 

SPRIM6  ASSV  : P/hJ 

base  THKMES l2l12_ 

SPEC.  COMFlG.  >ool  t-'rv  ^.<1 


8reaic-a\ua7  7Z>rqoe  : Total  Rig 

Tffsr  6rs, 


in.  !bs. 
■l.njJ’. . , in.lbs. 


ROMMIIiS  ToROOE-  : at  33Krpvn , 2oo  lbs 

AT  SSKR’pm;  mQK 

riA5<.  LOAD  lbs. 

HAY  . SPEEO / ^5. 

L\PT-oFF  SPEED  j'./.  <-»-ao  rpno 
TOPCH  OOa)M  SPEED  Ll  ^gCrOr*  - Tpm 

DATA  PO\MT  lv)5 


In.  lb 
in.U 


RETIARIO; 


h) 


I Ir..  \) ) V.  L 


REPORT 


I 

I 


i 

R ^ 


li.- 


t 


AIRESEARCH  MANUfACTURIMG  COMPANY 


date_JJL-=.. 

PREPARED  BY. 
CHECKED  BY„ 


n*v.r 


CALC  NO.. 
MODEL 
PART  NO.  . 


THRUST  BEARIMS  TEST  COMFISURMIOM  N®. 


FOIL:  Assy  vK'in'R.^. 

NOh6ER  - 


Assy  R'AJ  V: 

NOh6ER  - 

THJCKMeSS  - -oQg- 

COATIM6  op.o  2& 

BASE  THKl^ESS  - - 
SPEC/AL  CoiAFlg. 


STIFFEWER:  P/aJ 

iwicKi^ess  -,=-c,.u 

SPEC.  CON  F .'//c:  .AT  5rr  i pc- 


SPRIWG  ASSV  t P/n  3h0^13O'  hou 

BASE  THKIOES lilii 

SPEC.  COWFlG.  iPPfe'i  tmiro  .--f  l. 'v- 

F.WDiCCLJ  6Fr 


8reaic-a\uA'<  TSrqpg  : Total  Ris  — ^ 

Tffsr  6rs.  — 

RUNNING  ToROoe  : AT  33;Crpyn , ZOO  lbs 

AT  33 Krpm / ^)C 

(^A5<.  load  lbs. 

MA'jl  , 5P£.eO  A.\tpo^ tB=5r 

UPT-OFF  SfEEO  ZLlu?.^ Tpm 

TOOCH  DOOJN  SPEED  — g^Qg-Q.  . rpm 

DATA  P0\MT  tO- 11:::^ 

REn A^  • C o A'\  t fo  G . '■(  V)'  & ^'c_  ^ 

n -f  j_ 

.X  < ' . j J -<5  . 


in.  lbs. 
in.ibs. 


in.  lbs. 
m.lbs. 


-I  IX  f-'. 


REPORT 

PAGE  1 

OF 

AIRESEARCH  MANUFACTURING  COMPANY 


CALC  NO , 
MODEL 
PART  NO.  . 


THRUST  SeARmG  TEST  CQ^iF16UR^T10^i 
FOIL:  Assy  P/aj  skhq-\Z3-z. 

NUheeR  - 13 

f o o (S 

Te 


THlCKKieSS  - 
COATING 
BASE  THKl^ESS  - 
SPEC/AL  2; 


STIFFEMER:  P/N  SK4Q^^'-^ 

thick kiESS  

SPEC  CONK  - - - - 

SPRIMG  ASSV  ; P/n 

BASE  THKNE5 

SPEC.  C0NF\6. 2=: 


; \ ■ LL>  V 


8reavc*a\oan  Torque  : Total  R»e  '■!.Ql4.£.  ir>.  lbs. 

Tirsr  6RS.  ,,  .,Z/I>ii-  tn.  ib5. 

f?0MNli)G  Torque  : at  33lCrpyn  ,aoo  lbs  in.lbs. 

AT  33  Km^Yn / trw  loac/ in.  I bs. 

MA%.  LOAD  lbs. 

MAY  . SPEEO lbs. 

lift-off  speed  . Tpm 

TOUCH  D0U3N SPEED  ..  rpm 

DATA  POUiT  

REHAi^KS;  A.'  TErc-ToJ  ShtAV»^u>  uoKiue  r\RST  STI^^T  vumOH  VAJA3 

rOLLOVOLV  \5V  ^ 57'OPM-tfc,\L  LiFT-DF^F  , 7/;C  S^tH  l!^\VL\lLO. 
CopF  ^7  .%  Thi-^  PP-^CTic-e,  u;«ll  ee  3roJ>PLu>, 

THL  AMC  StAL  KObe)V..0  ^?('R  lUG  Rt U >GvW  S fcA  L. 

3(7»  77s)m-<k,.u,,mi  ^u,,po,  f;  5..... 

KU\  Fov  JFL.'CT^  5\GMtsL  ^-r  l^(  »)Yq  p\?oge>. 


REPORT 
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OF 

AIRFSEARCH  MANU  F AC  lU  R Ifl  G COMPANY 


D4TF  0C-'VJM3_ 
PREPARED  BY 

CHECKED  BY 


CALC.  NO. 

model 

PARI  NO. 


THRUST  BEARmS  TEST  C0MFI6URAT10W 


PETeST 

FOIL:  Assy 

NOheeR  — 


NOheeR  — 

THICKMESS 

COAiFlW^  I L.r'tA’O  s 

BASE  THKl^ESS  -■-<^  >Q 
SPEC/AL  COIlFig.  - 


SriFFEMER;  P/N 

TwuiKi^ess 

SPEC.  (TOM  F. 


0/2, 


SPRIWS  ASSV  : p/n 

BASE  THKfOES 
SPEC.  COWF\6. 


5^o^o‘/^Z-^ 
; 0/2~ 


8reavc-a\uan  72>t^®pc  : T^tal  Rig  5ir>.  lbs. 

' Tffsr  BRS.  .. m inJbs. 

RDM^JIJ)G  ToRQue  : AT  33 Kf-pvT), 200  lbs  Ibs. 

AT  33 K^pm/ rnqx  l^^cl tn.^bs. 

riA5<.  LOAD  ^28  lbs. 

MAy  . SPEEO  , lbs. 

UPT-OFF  SPEED  ’ooQ»  - rpm 

TOUCH  DOOUM  SPEED  — rpm 

data  pouiT  0-  — 

REriA\^lC3;  viS  Ua%  u?ro  22S  3 ua 


DftsviC  224-. 3 rooAn.>jT  out  i 

\?U-VOxT.  (OO/SCIC,-  '^CtvJ  OVJ  f3ovm-y  ■pourtc 


REPORT 

1- 

OF 

A1RES6ARCH  MANUFACTURING  COMPANY 


'^5  0®^ 


pis' 


PREPARED  RY  J ^ vO»>V»« 
CHECKED  BY 


CALC.  NO.. 
MODEL 
PART  NO.  . 


THRUST  8EAR1MG  TEST  COW  FIS  UR  AXIOM  W' 


FOIL 


: Assy 

^J0H6eK 

THlCKWeSS  -^Q<^ 

C0ATIM6  iv^r-Lco  ^ 

BA5ETHKWE5S  - -QiO 
SPEC/AL  CQVFig. 


STIFFEMER:  P/N  SKVoH?)-^- 

THlCK>^eSS  uOi2: 

SPEC  CON  F.  --. 

SPRIMG  ASSV  : P/m  

BASE  THKNCS  — 
SPEC.  COViFlG.  PAgr;/>/, 


StrA'C-'^r-  S’ "■  r/'vj  LiL- 


BREAlC-ANOA'i  7«>rquc  : Total  RiS 

Tbsr  Btis. 


ID.  lbs. 

in.ibs. 

I.  '2>.Lfe»  P 7.o4-^. 


RONNlUG  ToROoe  : at  33 #Crpm  ,2oo  lbs  lbs. 

AT  33 Ki-pnrj^  flxjx  l^cl in.lbs. 

h^5<.  load  2^.0  lbs. 

HAy  . 5PEEO  ?.^.ooa 

LIFT-OFF  SPEED  iVooQ  rpm 

ToOCH  D003N  SPEED  7-^^°  rpm 

DATA  Point  ^^.53-tcS 

REnA^K3;  1.  Tooc^vt  Vs  U<?Qyv.  /lo!\^ 

P<.oc7oA  r/eno5»  toort^  LCi  load 


REPORT 

PAGE  1 

OF 

AIRCSEARCH  MANUFACTURING  COMPANY 


DATE.il^__A^_IlJ31^ 

PREPARED 


CHECKED  BY_ 


CALC.  NO.. 
MODEL 
PART  NO.  . 


THRUST  BE^R1^1G  TEST  CO^RgURATIOM  N°— 12. 


FOIL:  Assy  R/a) 

MUMPER 


,00 1. 

TcaTloaa  S 


THlCKWeSS 
COAT/tO<a 

base  THKl^ESS  

SPEC/AL  ColAFtg,  ~ 


SriFFEKiER:  P/M 

IWlCK^iESS  

SPEC^dTONF. 

SPRIMS  ASSV  t P/n  3wm7^o^>  z 

BASE  THKIOES 

SPEC.  C0WF16. 


ID.  Ib5. 
- in.Jbs. 


Sreaic-axua'^  7c>i»que  : Total  Ris 

Tffsr  6RG. 

RDMMIDG  ToROoe  : AT  33Krpm/^^o  lb5 

AT  33Ki"pwiy  max  l^c/ 

(MA5<.LOAO  I9S"  lbs. 

MAY  . 3PEEO  31.<.P.PQ-  I b 5. 

UPT-OFF  SPEED  loooo r?m 

TOPCH  D0Ul3M  SPEED  OPQfi fpm 

DATA  PomX  lv)S 

REDAPKS;  I Dual.  VL  SpcCir-v.'loVt-<^u''5' 

2.  'To<?C-ol'  y Tr?0^vcsc  TO 

(Rb'*  - '^T/it'jLf'  f>0/'->r  /ir  I •S' 

Dyr  Rc.Pt.A‘'''o,-L /ry  aAJ  pRLV/cui 

pO'Aj^S 


ID.  lbs. 

lD.)bS. 


313 


REPORT 
PAGE  1 


OF 


Af9ES6ARCH  M>.NUF  ACTURINC  CC»‘PANV 


DATEj9_-OCZ_i^I^ 

PREPARED  RV  S <TV>U«- 
CHECKED  BY 


CALC  NO 
MODEL 
PART  NO. 


THRUST  BEARIM6  TEST  COMFISORCTIOU  Ni° !i 

FOIL:  Assy 

{S)UH5EK  Ik 

THICKMESS  iO^> 

COATJNJG 

BASE  THKr^ESS  

SPEC/AL  COttFlS 


STIFFEKJER:  P/aJ 

TmcKfiESS  — — 

SPEC.  COKV.  ^ tosT^uxfc 

SPRIWG  ASSV  : p/n  560V  7Jo- 3 

BASE  TfiKJOES — 

«^pcr  . P^n.T/AL.  gb-SA/fcx/r- 


8REAtc*A\wA'j  Torque  : Total  Ru>  — id.  lbs. 

Tffsr  BRS.  »D.lb5* 

RUMMll^G  loRQOe  : AT  35  KrpvT),  200  lb5  iD.lbs. 

AT  33  Ki^p»n  f fnpjc  Idae/ in.  Ibs» 

f^A5<.  LOAD  (os. 

MAV  . 5PEEO 1 1>  5. 

LIPT-OFF  SPEED  rpm 

TOPCH  DOOlJM SPEED  Tpm 

DATA  POIVIT  lO- 

REriA\^lC^;  ’•  ToR«>*>er  VI^ 

2..  Qc-nA-t^'  x>  C-  O^J  ^KfiTiAt^  'S773ftT~  crf^ 

hJO  CI»=T-  ov'f 


REPORT 

314 
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OF 

lIKlStARCH  MANU  F AC  I UKIUO  COVPANY 


-li'-TS" 


PREPARED  BV 
CHECKED  BY__ 


^ H.-.. 


thrust  bearing  test  COMFISORATIOU 
FOIL:  Assy  6/ai 

M0h6EK  ^-2: 

THlCKWeSS  — ^ 

COATIMQ  s 

BASE  THKl^ESS  iil© — ^ 

^OCr/M  Rh'iocMiciro  3 pt>iu  sfc6Ht*^rs,  \2tri  unc  u 


I 


SriFFEViEK:  P/aJ 

*TW\CKKieSS — 

spec^coNF I 

SPRIMG  ASSV  ; P/w 

BASE  THKfiES _ s,  ^ 

S9SC.  COWF\6.  3txrAYfe.-xy7- 

SREA«C'Au;A'y  ToRQoe  : TdTAL  Rig  _ 

' Tc5r6RG.  m.ibs. 

RUNihilUG  7o?^Qoe  : AT  33KirpvD  , BOO  lbs  in.lbs. 

AT  33K>-pwiy  rnax  in.^bS, 

plATC.  LOAD  ._,  lbs. 

hay  . SPEEO  .53,000  . / 1>  5. 

LIPT-OFF  SPEED  >oo°o  rpno 

TOOCH  OOUiNi  SPEED  — lZ^i^2 rpm 

DATA  Pft^KlT  tO~ 

RCHA\^iC5:  ’ T3)  ..'D5T  I^o'aj'jOA  SfcGS^US’-Jl  - A-^i  Co  ^CA\'ruTi 

'RcPcnr  op-  7t"^T'‘oc-  iio  co'^riO  ^ 

' F/I?sr  Qu^  D,J'P  ^*7  3-^/  H/C*y  'TOPCUk?* 

^^-ODO.'i  au.  hi  /AJ  or 

» f\  > S 2.  “ ^S' 


v.« 


■isjeOsLiL 


airesearch  manufacturing  company 


CALC.  NO.  _. 

MODEL  

PART  NO 


THRUST  BEARING  TEST  CONFIGURATION 


FOIL:  Assy 

MUh6ER  p 

THlCKKieSS  

COATIIO<3 

BASE  THKl^ESS  - 


SPEC/AL  COttFJS.  l?fcV)0<J\ct'D  3 *SI-C 


DATE >0~<  5-1^ 

PREPARED  BY *5.  >r»JxL^ 

CHECKED  BY 


STiFFcKlER:  P/N  /_  _ 

"TWlCKK^eSS  012 

SPEC^CONF. 

SPRING  ASSV  : P/n 

BASE  THKtOES 

SPEC,  PA/tr/Ju  sccr^ij^  % T/rA^OJ 


SREAic-ANUA'i  7^>rque  : T^tal  Rig  — iLJL_  in.  lbs. 

rff5r5RS.  tn.ibs. 

ROKmG  ToRQOE-  : at  33  Krpyrx,  boo  \b5  iD.lbs* 

AT  33Kr-pm/ mq)«  UaJ  m.^bs. 

MA%.  LOAD  2.7u.Hy 

MAY  , 3PEEO  33,000  / ^5. 

UPT‘OFF  SPEED  loooo  rpm 

ToOCrt  DOOl3M  SPEED  ^ooo  rpm 

data  Pc^v3T  iO'_iL:Li^ 

remarks:  . ^«£tcST  op  foAj  fvc.  /2  w»rH  jy/r^etJewj^  jr/FT*'c/t>t- 

• F"o;l  a :>sV 

• nr&  (?  'out 
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REPORT 
PAGE  1 


OF 


FOIL:  Assy  PA) 

ISJUH6ER  — n — 

THICKMESS  l2^ 

C0ATIW6  ~nrvo»o  g 

BA5ETHKWE5S  fQiP^. 

SPEC/A.L  ColAFifl.  g6^omcfco_ 


STIFFEMER:  P/M 


TH»cK»iess 

SPec.C<5NF. 


SKWoU/- 


z. 


SPRIMS  ASSV  : P/n  3^9730-3 

BASE  THKN)E5 

SPEC.  COWFtS. 


StXs/^  O^T  ^ n ^ 


Sreavc-avuan  Torque  ; Total  Ris  — in.  lbs. 

Tffsr  6rg.  ad — in.lbs. 

RDMlOn)&  ToRQOE  : AT  33 Kr pm  ,200  lbs  in.l 

AT  33 KK’pm ; nTqjc  lo«c/ in.lbs. 

MA5<.  LOAD  lbs. 

MAY  . SPEEO  33(gPQ,  / B s. 

LIPT-oFF  SPEED  Mmua Tpm 

TOUCH  DOOi^M  SPEED  SMg rf/n 

DATA  PO\WT  rO^  M-lL°i 

REM AR KS;  or  J6  - IS"- 7 r COK)  RO 

fS/26-  BMoioi  SoH(£  MYsrty(t^.*4  >^or 
W/  CoK)ri(r  13 
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cr 


AIRESEAftCH  W ANlT  AC  I U RiN  G COMPANY 


DATE_I^I/ 

PREPARED  BY 

CHECKED  BY 

THRDST  SEARlKiS  test  COUFISURATIOM  10 


FOIL:  Assy  R/aj 

NUMBEK  S 

THlCKWeSS  

COATJWG 

BASE  THKl^ESS  

SPEC/AL  Cow^\G,.  /Pe^V/CC^  3 /PcOi'JCAD 


CAU-.  NO  

MODEL  

PART  NO 


STiFFEKiER:  P/N 

"TWlCKKieSS  

SPEC.  CONE 


SPRIWG  ASsV : p/nj 

BASE  THKK^CS 


dC>0i73O  -3 


. C/Z 


SPEC, 


8reaic*au;a'^  7£>rqde  : 7©tal  Rig  in.  its. 

Tcsr  6RG.  in.lbs. 

ROMlOmG  ToRQOE- : at  33 Xrpm /2PO  lbs  in.lbs. 

AT  33 Ki^p w ; niqjc  l^cl in.lbs# 

MA5<.  LOAD  lbs. 

MAY  . SPEEO  / B 5. 

UPT-OFF  SPEED rpm 

TOOCH  DOa3^0  SPEED  - rpm 

DATA  Pomx  t0~  

REMARKS;  IrjVLSTiCJ/VUO'M  OF  roOL/*J<?  F(OW  6=.TFta' 
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AIRESEARCH  MANUFACT  JRINO  COMPANY 


DATE ^ LZ 

PREPARED  BY 
CHECKED  BY_ 


///w/?sr 

cr»  av  ^'''a^/<-  


CALC.  NO.. 
MODEL  - 

PAPT  MO.  _. 


THRUST  SEfcRIMS  TEST  COMRSORMIOM  N°_13 

FOIL:  Assy  C^aj 

mom^er  — 12. 

,a6(> 


THlCKWeSS  

C0ATIM6  

BASE  THKJ^ESS  

SPEC/AL  <Zs<-CftC>Jr  ^ 


STIFFEK)ER:  P/a)  — 

"Tw\cKKiess  — — 

SPECjCONR 

SPRIWG  ASSV  : P/w 

BASE  THKfOES  — 

SPEC,  COWF\6.  7^'^'^'^'^'-  S<U-^£.f^ 


Brea^C-amja'I  Tprque  : Total  R»s  — ^ in.  jbs. 

' Tffsr  BftS.  -..£ii in. lbs. 

RD/oMli)G  ToRQoe  : AT  33 Krp«i, 200  lbs  _i.Z2 In.lbs. 

AT  33K^pm/ niq)(  lAad  __il2 in.lbs. 

MA5<.LOAO  lbs. 

MAy  , SPLEO  33tQQ,Q,  | b 5. 

lift-off  speed  rpm 

TOOCH  D0VX3M SPEED  -2221 rpm 

DATA  P0\V1T  lO- 

REriA\^KS;(pi2-c/^  Oc7^Jsr  ISur  ^ 

Q)  /out  TQ^.i?ocCi’^  /<.  /<t-Ac  ‘j  /'/o  ' Jcc 

(p  IR-Sr  Po»M  Dlmo  ]i/^  jiS"  — Pl?0^lM(Tyr 

) Ajsr OFi'LirY  (/>^Prp»-fc»ut ..V  lq^o  ^ 3S0 

Tt^r  TL«‘^"Y>«Tio 

/vufjo  Ttf/^r"  ^>e/AA(T /ZJr* 


in.lbs. 

in.lbs. 
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AISESEARCH  WANUFACrURING  COMPANY 


HaTF  I~1~1L 

PREPARED  RY  M>T~N1A<-_ 
CHECKED  BY 


CALC.  NO.. 
MODEL 
PART  NO.  . 


THRUST  BEARING  TEST  CQKiFlSURATtOH  N* 


/f 


FOIL:  Ass'y.^A) 


/3 


.OOC 


MUH6E 
THICKME55 

coatmog 

BASE  THKWE5S  

SPEC/AL  COttPIS..  Ajeio  - 


.OQQ7 


.C>/l 


STIFFEI^ER:  P/N 

iwicKi^ess  — — 

SPEC.  CON  F 


SPRIMS  ASSV ; P/hJ 


V0il3(i~l 


BASE  THKNE3  — £13:^ 


SPEC,  COIi^F\6.  gA/trMc  ^ujAiO'yr-  s7//-n!-*v'L(i_ 


i:,7Vj 

Sreaic-anua'^  torque  : Total  Rig  ^ — 3jl1_ 

Tffsr  6RG.  *^g...JL2:.9..1, 

RDNNIDG  Torque-  : at  33Krpvrj , 200  lbs  

AT  33 Kr pr?i / rmjc  iix»e/  — 

lbs. 

/t>5. 

lift-off  SPEED  rpm 

TOUCH  DOOUN SPEED  rpm 


MA5<.  LOAD 
MAY  . 3PEEg 


in.  Jbs^o 
in.  Ids* 

pr>  e*.s  lAi 

in.  lbs* 


DATA  PO^KiT 

RCTIA^^KS;  / /^B\  ^ HS  I ^ SyZ 

2 H C’f'D  STATIC,  iHXuSr  6RS  TmuoRC, 
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DATE. 


PREPARED  BY. 
CHECKED  BY_ 


thrust  BEARIt^G  TEST  CQMFI6URAT1P^) 


FOIL:  Assy  R/ai 
M0H6Ek 
THICKMESS 
COAT/WG 
BASE  THKl^ESS 


^jc>^d>W23*'2. 


00  u 


MO  Sy  ■ 0 0 07 
.Olti 


SPEC/AL  H/)Ana^,AOtf  / /Zfc'SPrt^VfeD 


SriFFEl^ER:  P/M  ^ic^6M,1L± 
“TwicKi^ess  — -ii2 — 
SPEC.  C^NF. 


SPRIMG  ASSV  : P/n 

BASE  THKIOES 

SPEC  COlt^FlG  7/?  g<>a.)0fr  ~tA?<TM  pftrTjnAc  <s.i£iSMtrva 


Sreavc*A\0A'^  l^RQDE  : Total  Ri6  C25,oV 

TffsrSRG.  __12iLi!JL.  in.lbs.  ^ 


RDMKilDG  ToRQoe  J AT  33Krpvn  / 200  lbs 

AT  33Kir*pwi;  fnax  l^cl 

lbs. 


In.lbs. 

in.^bs. 


(MA5<.  load 


Jl± 


MAY  , 'SPEEO  ..  ..lig-OP / b 5. 

UPT-OFF  SPEED  iQoo Tpm 

TOUCH  DOOJKJ  SP^ED  Tpm 


DATA  P0\V1T  tO~  /?&  ■- 


REtlARKS:  F/?iUutfc'  IV  rc^'Tpt-tTe  h»b-0 1? C/rTJOAj  0 HO  ‘0/»« 

Su'^Pt.cT  rAp''u  ^rv*  tiuC' 


II 


1 


I 

I 

•M 

% 


m 


m 
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AIRESEARCH  manufacturing  COMPANY 


DATE  -J 

PREPARED  BY. 
CHECKED  BY_ 


3-11-1*- 


Calc,  ne 


PART  NO. 


THRUST  BEARIMG  TEST  COWF160R^TlD^i 


FOIL:  Assy 
rJoneER 


. ooc 


THICKMESS  - 
COAiTlN^G  TLt^o^ 

BASE  THKt^ESS  --  -^y*> 
SPEC/AL  COW^\6 


STiFFEKiER:  P/N  „ 

"n<\cKKiess  

SPecjTONF. 

SPRIWS  ASSV  ; P/n 

BASE  THKKiES 

SPEC.  COI^F\6.  ^ !./a.-u 


8reavc*a\jda'S  Torque  : Total  Ris  — ^ 

Tffsr  Brg.  — £1 

RD^>iWl»)G  ToRQoe  : /,T  33 Krpvn, 200  lbs 

AT  33Ki-pwi^  rtiax  lb«cl 

MA7C.  load  7ofd  lbs. 

MAY  . SPEEO  '33000  _ 

L\PT-OFF  SPEED  r?m 

Touch  Dooorj  SPEED i222_  rpm 

DATA  POUiT  lO* 


- ir>.  lbs.  s'*4j 

. ih.lbs. 

^1-1  ■ ■ ir>.lbs. 
icfw  m.^bs. 


REriA\^K5:  '^k-rtST-  oP'  ''3  TO  c /'tCi<.0(/7~  /?/<5*  z^r'/C/t. 

ofloiiuLy-ii  io/’z*  'yjt>jr/o-  /S~ 

'p'lnaoi-tr/  |^c;a>ajvt»_ 

OUtCt^  OUT 


PAGE  1 OF 


P- 


AIRESEARCH  manufacturing  COMPANY 


b'i:) 


PREPARED  BY_ 
CHECKED  BY_ 


CALC.  NO 


PART  NO.  . 


THRUST  BEARING  TEST  CONFIGURATION  Nl 


FOIL:  Assy  m skhoR3t-z 

ISJUH6ER  11 

TH ICKMESS  OOfc 

COAT/W<3  MoS^  .0007 

BASE  THKl^ESS  — 

SPEC/AL  0^  coatajc.)  owwstfo  Tr e Bn<r 


STIFFEI^ER:  P/a) 

THtcK^^ess  — — 
SQ£C,C0HK 


m-- . 


SPRIMS  ASSV  : P/n  .37gwe-3 

BASE  THKKiES 

SPEC.  C0liF\6 

Breaic-avuan  loRfiiue  • Total  Ria  — HQ 

Ttsr  Brg.  — — 

ToRQO£  : AT  33Krpm/2oolb5  

AT  33K»»pNfi/ max  

I OA.D  ‘17  31  lh%.  ^ 


JD.  lbs. , 

in. lbs.  ^ 

in.  lbs. 

in.^bs. 


, LCAO  ‘l7  31  lbS»  ^ -'cj  ioct-  or 

MAY  , S)P£EQ  33000  . |^p^1 

UPT-OFF  SPEED  It-  Tpm 

TObCH  DOOJM  SPEED  rpm 

DATA  PO^ViT  lO-  eoAj 

REMA\i»CS:  I.  H^iS’  M.Co  i»i.A^7w> 

j?.  Tmr  TO  btrreRMioe  c.HAR»tTvn<STic4  w»th  th«aj  F'cm 

C0ATIM<(.«. 

5 7i.5r  rouMo  cor>t/-jr^  u>o«A)  tw«u  i^->  spiyis 

Fofi.  fitOuT  SVVd  Cl<lCO*^■  - i9p/^it-}9/z*r£>  /o 

PUe  78  /fjS/>i,C770/J  ^/Cr  P/p  AJOT" 

■^AO/o'Ayt*  //Oujn-C 


In.T.  V-(g-74> 

PREPARED  BY 

CHECKED  BY 


CALC.  NO 

MODEL  

PART  NO 


THRUST  SEARIMS  TEST  COMFI6URATIOH  N)° 
FOIL:  Assy  sr-How-t. 

M0h6EK  - 


Assy  m SKHoyi-^ 
M0h6EK  - 

THJCKKieSS  >O0<» 
COATihJG  T«rr«.oM  s 

BASE  THKKiESS  - 
SPEC/AL  CoiAFlg.  utfio 


STIFFENER:  P/n  ^ 
iwtcKiiess  — 

sp£c.^:onf 


.010 


SPRIWG  ASSV  ! P/w  37PW0-3 

BASE  THKKiES 

SPEC.  COiiF»6 

Srea^C-axuan  lokG^oe  : Total  Rxs  — in.  lbs. 

TffsrBRG.  112 in.;bs. 

RDMIOIUG  ToRQue  : AT  S3 Krpyr) , 8CO  lbs  in.lbs. 

AT  33K»-pwi;  mqx  l&<»d »n.)bs, 

f^A5<.LOAO  YoO  Jbs. 

MAY  . 5PEE0  33000  EPM 

LIFT-OFF  SPEED  Tpm 

TOUCH  D003M  SPEED fpm 

DATA  PO\WT 

REVIARICS;  //T^r  c//trct(oor 

r’'0  /c 

Cf-lcc<0or  qIc  to  yioo 
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OF 

\ 


AlRESfARCH  manufacturing  COMPANY 

DATr  CALC.  MO 

PREPaREO  by MODEL  

CHECKED  PART  NO 


THRUST  BEARING  TEST  CONRSORATION  N®_i£ 


FOIL:  Assy  FA)  suwowt-* 

^J0h6EK  11 

THICKMESS  - 

COATING  TfcTtoMS 

BASE  THKl^ESS  - - 

SPEC/AL  K>«£u>  , 


STlFFEiaE?<-  P/a) 

TwicK>ies5  uei2 — 

spec^conf.  . 

SPRING  ASSV  : P/n  370M7SO-3 

BASE  THKKJE5 lPJ?:-  .. 

SPEC.  C5WFI6 


8»o|  \ixA>'L 

BreaiC'Axua'^  Tet^QUE  : 7©tal  Ric  — in.  lbs. 

Tfi'sr&RS.  2lZ_1l.  in.jbs. 

RDfOKilDG  TbROoe  : AT  33>CrpTn,eoolb5  In.lbs. 

AT  33  K»"p  wi;  f?»AX  in.lbs. 

MA5<.  LOAD  2'ii  lbs. 

tlAV  , 3PEEO  33k  RpM 

LlFT‘t>FF  SPEED  ^ - »"pm 

TOPCH  D003N  SPEED  S299 fpm 

I T-’ 

DATA  PO\ViT  K)- 

REDA\^KS;  CoMPAftaoiJ  or  PAo 

T?  \ 3oo  LXi  <2  px  170  ~ 17^ 

3^/'*'  7-<»  18^0 -iH 

y^oto  <2  7i77>V/'V/J7^  O/^  Kio-r^^e-  Tcf/tOvC  SPt  <ts  - S//oT[>oui*^ 

>1  f FAn.uHj^  ^ /Opii  A/lfSF  COO/tAj  /<o  CFvfVL 

OF  <=:ACA/  p,QJ6 
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AIRESEARCH  MAN  U F AC  l‘J  R»N  G COMPANY 


date„ 

PREPARED  BY 

CHECKED  BY 


CALC  NO 
MODEL 
PARI  NO. 


THRUST  BEARING  TEST  COMFISURATION 


FOli.;  Assy  R4j 

NOMBEk  13 

THICKMESS  - ooA 
COATlWG  Tiitpwwj  & .00 i “ 

BA5ETHKl^E5S  - oio 

5;PEC/AL  Cg»AFtg.  BaocftTKt»  Pftt>  xtciKr>\)t  to  SM»n>c. 

(3«n^Ai«jc  ooTATfccts  Ccw  C 

STIFFENER:  P/N  siv46hzi.i 
-niicitwess  i.ai8 

SPEC.  conf. 


SPRIMS  ASSV  : P/w  270Hi3o-i 

BASE  THKKiES 

SPEC.  C0WF\6 


Breaic-anuan  Torque  : Total  Riq  2k. in.  lbs. 

Tffsr  5rg.  33 in.lbs. 

RD/oWU)G  ToRQue  : AT  33 Kr-pnv, 200  lbs  ? ^ In.lbs. 

AT  33KrpH0y  max  __!Zii in.^bs. 

MA5<.LoaD  S4I.S  lbs. 

MAY  , £>PEEO  33000  EPH 

UFT-OFF  SPEED  ^Soo Tpm 

TOUCH  OOOUW  SPEED  rpm 

DATA  P0\K1T  JiiniiZ 

REnA\^K5;  L Fbn.  ACSV  fix  U3tT>  FO*  COWPIC.  20 

/.  k>otw>  to«o««  r*-wcTw^</A> -TwiM«^M^TfeT>  - u*nniw8 

n.onftTW>  ^pr  c>»o 
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AIRES6ARCH  MANUFACTURING  COMPANY 


DATE_LJ 

PREPARED  BY 

CHECKED  BY 


CALC.  NO 
MODEL 
PART  NO. 


THRDST  BEARING  TEST  COMFISURATIOM  N®.^ 


FOIL;  Assy 

|^UH6ER  13 


THICKMESS  

C0^TlW6  HoS^  .0007 

BASE  THKl^ESS  - >o»o 
SPEC/AL  Cow?\6 


SriFFEKlER:  P/a)  SK«<6mi«i 

“TTIlCKj^eSS  1J£!» 

SPEC.  CON  F. 


SPRIMS  ASSV  t P/n 

BASE  r«KNE5 
SPEC.  C0WF\6. 


8reaic-a\oan  Torque  : TStal  Ris  iL 

rffsr  6rs.  ^iL 


in.  ibs. 
in.ibs* 


RDNMIDG  ToRQoe  : AT  33^rpvn  , 200  lbs 

AT  33 Krpm^  nvjx 

MA5<.  LOAD  ISO  (bs. 

may  . SPEEO  33K  rpM 

LIFT-OFF  SPEED  lioQQ rpm 

TOOCH  DOOtJN SPEED  Tpm 


In.lbs. 

in.^bs. 


DATA  Pomx 


REriA^KS;  ojto9T  OAi>  BKo. 

pAiLt*>  a IffO  LOAO  - /^)srA^^TA^^^Os  FftiLUR^  U)»th 

MO 


REPORT 

P^CE-i- 

OF 

V 

*- 


AIRESEARCH  manufacturing  COMPANY 


D AT 

PREPAREO  BY 

CHECKED  BY 


CALC.  NO 
MODEL 
PART  NO. 


THROST  BEftRIMS  TEST  COMRSURATIOM  \i°JL 


FOIL:  Assy  'Sic'iwi-i 

M0H5ER  D 


M0H5ER 
THICKMESS 
COAT/WQ 
BASE  THKl^ESS 
SPEC/AL 


. 06C 


.0001  thick 


STiFFEKiER:  P//M  _ _ 

TTJlCKKieSS  

SPEC^COMF 

SPRIMS  ASSV  : p/n 

BASE  THKt^ES i^ii: 

SPEC.  COI6FV6 


8reaic*a\uan  Torque  : T^tac  Rig  

' rffsr  Brg.  ^ 

RDMJOIDG  ToROOE-  : AT  33Krpvr, , Zoo  lbs 

AT  33  Ki^pm;  niQX  lfe«el 

MA%.  load  lbs. 

may  . 5PEE0  RPM 

L^FT-oFF  speed  r?m 

TOOCH  DOO^W  SPEED 

data  Pomx  t0-_ 


rpm 


tn.  lbs. 
in.lbs. 


In.lbs. 

\n.1bs. 


REtlARKS;  ^ * 

|AiCoH3  THaosrl^u*;<ofc1^  OoATxn^  I^HAn)  SC  A 

Tf-lftOST  P/^J 

j^/(h  ROTATGn  u>/rj4  i*  / aoz.  /2<vs  — t <iAr/^o 

I^O£k>  T^HaU<^~  HKff^  SA’fet®  fi^rThy^P^T^ 


REPORT 

PAGE  1 

OF 

THRUST  BEARING  TEST  COMFIGURATIOH 


FOIL:  Assv 

N0M6E 
THICKK3E55 
COATMOQ 
BASE  THKl^GSS 
SPEC/AL  CO)\rr\G. 


SA:  404  3 2 -2 
,OQ(o 
.O  lO 


fOcnG"  ' SA'WC' 

/<Si  ia*N^  UiC'Q 

|kJ  roKiRiG^  20  * 2 I 

^S*  [aJItu 

^>»ioi2.Er5ii  NO)  C>o 


SriFFEMER:  P/n 

THlCKKkESS  — 

SPEC.  CON  F. 

SPRIMS  ASSV  : p/n  ■37  0^1  “730- 3 

BASE  THKJ0E5 i£ii= 

SPEC.  CoiiFlG. 


Breaic-auja'^  7£>t^eaue  : Total  Rig  ^ in.  lbs. 

TcsrBRG.  '1:1! in,lb5. 

RDNNms  ToRQue  : at  33Krprr, , 2oo  lbs  in.lbs. 

AT  33 Krpwi;  niqx  in.lbS, 

PIA%.  LOAD  " lbs. 

may  , 5PEEO  ^3  K EPH 

LIFT-OFF  SPEED  rpm 

TOOCH  DOOJNJ  SPEED  Tpm 

DATA  PO^KiT  tO®i££lf£!L__ 


REriARics; 


TO’\ut  ) o"- wi'j  I't- ' ~ 

!^'f  .<-  if>  O'-  \ RAu 
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OF 


a iU  ( \F  ,vRf  H at.-.tili  ( AI' 1 ciPIN'",  'OMI.'.'I' 

DATE 

CALC  NO 

PREPARED  BY  Hip^ltC. 

MODEL 

CHECKED  BY  - - ■ 

PART  NO  — 

THRUST  BEARIMG 

TEST  COMFISURATIOW  N° 

FOIL:  Assy  R/a) 

MOheER 
THlCKWeSS 
COAiTIlOQ 
BASE  THKWE55  . 
SPEC/AL  CottElfi.. 


Sl4H0M3Z--^ 
■ 013 
.OOht^ 

7~fc.r  i.g»-<:> 
.0(0 


C,0'M(5R<L'S(JvJ  TTb.'aT* 
TO  Co*J  P I cy  7.0 

lOO(s"  PfttiS  TO 

,00%^  " r»OOS 


STIFFEUER:  P/M 

TT^lCKKiesS 
SPEC.  CONE 


oio 


SPRIWG  ASSV  : p/n 

BASE  THKNE5 
SPEC.  C0WF\6. 


/OM7JO-3 

.0(2- 


5rea\c*a\uan  Torque  : Totau  Ris  — in.  lbs. 

' Tffsr  6RG.  loJdlJL — in.lbs. 


RONNIDG  ToRQue  : at  33Krpm  , 2oo  lbs  in.  lbs. 

AT  SSKrpw,  rr\Oi%\i><id  in.lbs. 

^A5<.  load  ^2-1. S'  lbs. 

MAY  , SPEEO  ^10o0  _ EPM 

LIPT-OFF  SPEED  r?m 

TOOCH  D003N  SPEED  rpm 

DATA  P0\K1T  ts)-i££z 

REDA^ICS:  1^00  I TO  * T/jy- Djiu  troii.  Q\nOcO<j'>' 

i^v^fO  2.  ^ T'O^QOi^  ~ <3Kvrr  p>tMA*-'  — (Zo6  TTuo  to 

I I 
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t 


1 


i 


THRUST  BEARING  TEST  COMFISURATIOH  N)°_^ 


FOIL:  Assy  R/a) 

Ml)h©EK  

THICKMESS  — 

COATMOQ  TfeTco^s 

BASE  THKr^ESS  

SPEC/AL  COttFlfi 


} IBA  C.  *-0  Y ^00  \Z,U  /o  tf/L^ 

jZtiPkT/vr  TtrsT"  <FO  • 

<?oajf=<o  Z0» 


1 


a 

r 


STIFFENER:  P/hi 

mictcK^ess 

SPEC.C6NF. 


. OlO 


SPRIMS  ASSV  : p/n  ^76H730-3 

BASE  THKtOES i£B: — 

SPEC,  COWFlG  PACTi^ic  sgs^cor  '5Tipp(£K)*i^ 


8reak:-a\oan  Torqoc  : Total  R»6  — 2L. 

Tffsr  6rg.  „ ■-,£■ 

ToRQoe  : AT  33Krprn  , Zoo  lbs 
AT  33  Ki-p *71/ niajc  lo«d 

MA5<.  LOAD  ■_  (bs. 

may  * SPEEO  - EPM 

L\FT-OFF  SPEED  7££o y.prv> 

TOOCH  DOa3^3 SPEED  i(22^ Vpm 

DATA  PomT 

remarks; 

I '■’  T'*- 

f/ur.i'  7'->7 

/?y,o  ■?  Z/V^U  ''  '•/V'/ 


in.  lbs. 
in.lbs. 


in.lbs. 

in.^bs. 


SI6UAL- 


PAGE  1 OF 


. ■ . J 


AlPf  Sf  AR(  H »*ArU'f  AC  1 Mf-’irji,  rl 


'7/ 


Date 

PREPARED  BY /^inOlhC^, 

CHECKED  BY  _ , . . 


CALC  NO 
MODEL 
PART  NO 


THRUST  BEARIMG  TEST  COMFI6URATIOH  N°_^ 


FOIL:  Ass'y^^Ai 


f^0H6EI 
THICKMESS 
COATMOG 
BASE  THKt^ESS 


/3 


, PC  (e> 


/O tUfiULO'/  jPoAj'Jktt 

/{■'  ^7 


in/\i\JCJL>  OIO 

SPEC/AL  COlAFIfl.  2UoC/)r^  o,^s>  to 


Cuj  ?.  i 


SriFFEK)ER: 


?M 

■^:w\cK^iess  ^ju.cL— 

SPEC.  CONF. 


SPRiws  ASsV : p/n 

BASE  THKtOCS ' 


SPEC.  COMF16,  g^c^A.,, 


S*7 


'p'Tt^KiL  /U 


I 

t 


5reak:'A\wa')I  T^uque  : T^tac  R»e  ,j!1  id.  Ib5. 

Tffsr  6rg. ^it).ibs> 

ROh^ma  ToRQO£  : at  SSKtprn  ydoolbs  lD.  )b5. 

AT  33  K»"pm  / dtajc  load  Sr  vn. ) bs. 

M^5<.  Load  /b^. 

MAY  , i^PEEg  33  K RPM 

LIFT-OFF  SPEED  _2£P2 >-pm 

TOOCH  DOOJf^  SPEED Fpm 

DATA  pomx  

REt1ARK3;  f n At  Lo 
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AlPfMAWerl  MAriUf  AL  iL'P'fK.  'OVFA’i' 


DATE  - . __ 

PREPARED  BY  //■'77^/C. 
! CHECKED  BY  _ 


CALC  NO 
MODEL 
PART  NO 


THRUST  BEARING  TEST  CQM^6UR^TiO^) 


FOIL:  Assy  S^a) 

fs)OH6ER 


Sjgwo*^^!. 

N0H6ER  _ ^3  r«r 

THICKMESS  - . 0O<*  /AicoM^u  > 

COATIWG  Xfr'K^.fiL.V  Be  Cu 

BASE  THKt^GSS  - QIO 

SPEC/AL  t3it  C.  J p’oiw  MArc  Co^P*<€~to 

09*^P(C>  iO 


r«r  OP 

/MCOMtfV.  ^ 

Be  Cu 


STIFFEWER:  P/aJ  SK.NMtl-1 

THlCKK^esS  

SPEC.  COK  F. 

SPRINJG  ASSV  : P/nJ  376S730-3 

BASE  THKIOES -Pi>— . 

SPEC.  COV5F16.  . Stg/VfcAyr  S7'//r’/r^--x^t72- 


6reak:*a\uan  Torqde  : Total  Rig  2/  

Tffsr  Brg.  !2_ 

RUMfOlDG  ToRQoe  : at  33  Krprr) , ^oo \b5  ia_ 

AT  33  K»-pnn  y iTiqx  L<*c/ JL1_ 

tJw) 

r^ATC.  LOAD  lbs. 

HAY  . 3PEEO  EPM 

LlPT-oFF  SPEED  \xoqq  ifcwo  rpm 
TOOCH  OO00^3  SPEED  l!3o^  rpm 

DATA  Po\KiT  N)~_ii]Sk_ 

RFriA\^ICS; 


in.  lbs. 
in.lbs. 


If),  lbs. 
in.^bs. 


REPORT 
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AIRC^rARlH  MANUPAl  T'lP'fi'  C jMPAfn 


DATEy-ll^?^  CALC  NO 

PREPARED  BY  MODEL 

CHECKED  BY PART  NO. 


THRUST  BEARING  TEST  CONFISURATION 


.r- 


FOIL:  Assy 

N0h6Ei 
THlCKWeSS 
COATIWG 
BASE  THKWE5S 


13 

- OCX* 

bCS 

.QIO 


.OOOJ  THice 


SPEC/AL  COttFl5.J5£(LSoi2!H>  2 2.*  cci^ 

2.€U>iTun£  TO  SPAiajo-  L 


STIFFEMER:  P/N 

THiCKK^esS  :M9. 

SPEC.  CONF. 

SPRIWS  ASSV  t P/N  370MT30-3 

BASE  THKK>E5 

SPEC.  COWFI6.  Hoiatt»>fO  . Rfe~CTAA.<?uu>/t.  Sr/PPcveC 


8reak:-au)A^  Tprque  : Total  Rig  J£L~ in.  lbs. 

Tffsr  6rg.  in.lbs. 

ToROoe  : at  33 Krprn  ,200  lbs  In.  lbs. 

AT  33Ki-pm;  niax  looci 5I5L__  m.lbs. 

(^A5<.  LOAD  700  lbs. 

MAY  , SPEEO  - ._  RPtA 

LIFT-OFF  SPEED  2ok  rpm 

TOOCH  DOa)^0 SPEED  — )2^ rpm 

DATA  POIKIT 


REHARKIS;  TK*tosfT  F>/o«<»r>iLfcr&  N,Co 

HiG-h  Tt>Atk  TirST^  (£  xoo 

<UUt|l-W  M.UJ9  


L'‘ 


^ - 500"--  Tr 
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AIRf'fftRCH  l.\  • ti  I r A(  I IJ  r.f.  CwJA'i- 


ATE 
TEPARED  BY 
HECKED  BY  , 


CALC  NO 
MODEL 
PART  NO.  . 


THRUST  BEARmG  TEST  CQMF160RAT10t3 

FOIL: 


Moh 

THlCKWeSS 
COATIWQ 
BASE  THKWE55 


SlcM6Mtl.»» 


■QOt* 


f^gnMWMU 

w/  K/»Co 


TtfTlFgi*-?- 


.001 


■!  "T  ' ^ .1^ 

SPEC/AL  Co^^\G.  QifCo 

« A A Ad 


STIFFEKJER:  P/N  SteSPM»rti.* 

IwicKKiess  -if*  9. 

SPEC.  COWF. 


SPRIMG  ASSV  ; P/n  -np-mvi 

BASE  THKtCieS •0*\  . 

SPEC.  COWFlG. 

«ripr«os»»e*. 

Sreaic*a\ua”^  T^rqug  : Total  R»s  -su^  p/^.„  m.  Ib5. 

Tc'srSRG.  in.lbs. 

RDfOKJDiG  ToRQOE-  : AT  33  Krpvr, , 200  lbs  in.lbs. 

AT  33 Ki^p m/ fnq)C  load in.^bS. 

Ma^.load  lbs. 

l-fAY  . 3PEEO  33  K.  RPM 

UPT'OFF  SPEEO  Tpro 

TOOCH  D0O3M  SPEED  .-^.^ rpm 

DATA  PP^KiT 

REtlA^VCSj  M»*»%cc,iWMi«*vrr  TiS^T/wc-  T» 
loo  mav  *-o 
Sahc  0ft*  eof-»mtc>  A« 

Sam*  S^<t»«»o.  A«er  A»  c/StfO  p»<»-T¥»r  op^^o#*  •‘lo 
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DATE  10* 

PREPARED  OY  _ . M ir/OJK~ 
CHECKED  BY 


CALC  NO 
MODEL 
PART  UO.  , 


THRUST  BEARIMG  TEST  COMFI6URATIOM 


FOIL:  AssV’B^/ 

rJUH6GK 


AsSV'R/aJ 

rJUH6GK  __J1__ 
THlCKWeSS  ♦ 00c 

C0ATIW6  Kl.C>  .poor 

BASE  THKt^ESS  - -0*^ 
SPEC/AL  CO)^?\G.  ftju*  iLtetatH*^ 


U»/ 

SCA 


t 


STIFFEHER:  P/a) 

miCKhiESS 

SPEC,  cow  R 

SPRIIOS  ASSV  t P/n  3-w.trio-a 

BASE  THKWE3 i-fatV — 

SPEC.  COWFUJ.  - ^ ^bcr/)Ki6iJcMn.  ^TiPfriiK/Liz 


B 


SREAic-AvyA"^  T£>uQoe  : Totaa  R»e  — 1&. 

Tesv  6RG.  

ROWW))»)G  Torque- : at  33 Kr^tn  , Boo  lbs 

AT  33  Kr"p  m / htcjx 


f^A5<.  LOAD  

MAY  . SPEEO  ^5! 
L\PT-OFF  SPEED 
TOOCH  DOOUW  SPEED 


_ lbs. 

L.  epm 

rpm 

rpm 


in.  lbs. 
in.  165. 


in.  lbs. 
in.  lbs. 


DATA  pomx  K)~ 

RETIA^KIS;  Ov«<»AMtc.V.O/l*^»«rfC.  TWt  - QhAiimt 

lAiLto  [)pok)  Load  /9PPAi(/ixio!5* 


REPORT 

1- 

OF 

^ ‘Rt  *iE:  ARCH  MANU  F AC  U)  t'lrj  '.  i < m|  A'i  f 


UE  10-/5'-7«- 


f'KEPARED  BY Mi.T>JiV^ 

CHECKED  RY  


CALC  NO 


PART  NO. 


THRUST  bearing  TEST  COMF1  fiiiR AXIOM  33 


FOIL:  Assv’R/aJ 

NOM6ER 


number  ~ HS  ZS*  gu^J^Ja<c 

THICKMESS  •oriC. 

COAT/ MG  HctoAi^-Ooi 

base  THKWE5S  ^aio 
SPEC/AL  Coi4FlS._ae£u^ 

‘^*0=^  SpsAV  ^Ppt-IBM 

STiFFEKiER:  p/f^  •5C»)M2i-4 

THICKMESS  - .010 

SPEC.  CONF:  _____ 

SPRINJG  ASSV  t P/ig  370^730-3 

Base  thkmes 

SPEC.  COMF»6.  - __RaCTflA}G\n.Af^  Sripr  isTO(jii. 


in.  lbs. 
in. lbs. 


Break* A\uA7  Torque  • T^tal  Ris  _ 3^.o  m.  ly,, 

Tesr  6rg.  - «^>5-  in.ibs. 

RommTo^oo^:  at  ssKrpm^aooibs m.lbs. 

AT  33Khp»7i/ nTqjc  Uac/ _________  in. lbs, 

f^A5^ , t,OAO  GSO  1_  lbs 
HAY  . SPEEO  r ep  J 

LIFT-OFF  SPEED  NlfC  y-Pm 

TO0CHDOO3NI  SPEED ypm 

Data  Poiwt  n)5_ 

REDA^^lCSj  I^epeAT"  |ry  t>yN»AM»cL>  Load ;aj&  jest- 

^-r  ^2,1  i_^  uOa>^  j2on^  Ocr  (p's  i_a J 


(REPORT 


w- 


^IRFf.FARCH  manufacturing  COMP^NY 


OA'.  E-_.  (jL'  I * V-i  ' 

PREPARED  BY  \hJ  .P-  Vpv.?a^g.L  ■ 


CHECKED  BY. 


CALC.  NO.. 


PART  NO.  . 


Jocirv);>>L  SeA9tW>6  Test  Ce>n  FlSoRATt6V3  1 

I TEST  "^gg.  IT0R6. 


Carr\6r:  l-C>* 

SHAFT  : 0.0, 

CCATIK36 


F^IL  :BA^ETHKKiS5 

6ASE  HaT‘L  iMCouLLy  -iSO 

COATilOG  HAT'U  OB  D2JS-ZO 

TcTA«-  THKWfcS  '*3 1 1 

LEMSTH  €' 

6EMD  RADIOS  3" 

MoneeR.  r&ils  s 

special  C60F\&ORATIOW  ^ 

SWA:V  SPACE;  C-5-4F 

AiiSEMeUY  HCAS. 

SRcaX-awA'^  ToRQoe  ib.-m.  s.j  ,otm^  - 

RounipA  Torso®  C'^/33K>^ 

Lipt-oFF  speed  1o,doo 

To oc H COO) M SPEED)  t> , 0 oo 

Shaft  djspl:  static 

RoMWWafi**-  Lo^ozo  M/a  I 


H.551‘)/ i,5So3  ^.SSn/H.£hoz^ 

TmiK'  OtM'/t  CHllOH.  THIwOFMSt  CURCf,, 

.010  .<D|0  i 

IMCOULLy  '(SO  lOCOPtV.'il50 

OBDZ1S-ZO  0eD2S-20  I 


REMARKS  : 

data  P05WT  ^ Zr-  ■■  _ 

MATC.  SPEED  ^ 

MAV..  i.OAO  — 4-&  \t>  + iarl 4.C.  {■'\'^>tov) 

1"  ;:jA  /r  ■ K • >J,  K io'  ■ ■ - ^ U r.' { -i  J -,<J  <^-0  f,,  .7^^  PS  VUl.^  4 

/ 4 

T'K/)'  ' ; • 0--/'  ,A  0Q  h 


9^^cecliM<^  'F^oe  ~ 
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AIRESEARCH  manufacturing  COMPANY 


h^'/  76 


PREPARED  BY.. 
CHECKED  BY_ 


\j)  .V.  IKn 


0<,  \ 


slooRtj^L  BeA^twG  Test  (^ToMy^isoRATtao  7 

TEST  Bgg.  T0R6. 

JRVERII.D.  M.55<?2/h.56-7 


Carr\er:  i.D. 

SHAFT  : 0.0. 

COAT^KiS 


4.s-i77/,.4rrg 

Ot  n.'A  '^UKDll,  I.  \>J-Ik'30 


. 0 I O 


FOIL  : BASF  THKK^SS  .oio  -oio 

BASE  MAT'L  iKJCDHtL  i.  ISO  I 

COATIIOG  HAT'L  ^G-5 

Totau  THKVlfiS  -on 

LEMSTH  G' 

BEAJP  radios  3"  3 ' 

hJ0H6eR.  Roils  ^ S' 

SFECIAL  C0UF\ ftOitATTlO K3  R£  coateo  rou_5  I?tCi>ATi:,u  Tail^ 


SWAT  SPACE:  C-S -HF 

A5S6HGLY  H6AS. 

Bi?EAX: away  T£>RQ0  E !b.“  IV) . 

K«WNip(i  Tor«o«  Cl5‘/33K>|u.(^ 

Lipt-ofp  speed 
ToochdoudO  SPEED) 

Shkft  displ:  static 

Loaoeo 


.G>ib ! 

y/h 

'-(O^Sl.ToT  t\  o. 

I0,0  00.>-  ji.^ 
^ lO ocy 


-o\55 


REMARKS : , 

DATA  POIVIT  ^Lhld— 

MAY.  SPEED 

May.  LOAD  W\h<^  ~ L.\S 

TuV.SIV;t’  r^'U-uR'i  LT'upii’6  Ka|>iP  OTAV’T  h''  /f 

^Hnvt  c-v-tMitO  'jy  0'f\  V'/pA'^t' 

t R/'PSv..  PfiOTo’s  lU  2-1"  'tM  ••  1,.1'PT 


REPORT 

Page  of 


Jot»Rw)/i^L  BcARivis  Test  (Cew 


Carr\er;  i.D. 

SHAFT  : 0.0. 

COATIKiS 


F<91L 


: BASE  TH)CKiS3 

BASE  MAT'L 
COATIfOG  HAT'U 
Total.  THKWtS 
LENGTH 
6EMD  RADIOS 

WOneER.  Fou-5 

special  couf\&obatiom 


SWAV  SPACE  ; C-S ~HF 

ASSEMBLE/  HEAS. 

&i?eAX: AWA^  T«>RQ0  E lb."  m . 
Kuumip&  ToRfilo«  0G;33K>|Ui^  lb. 

Lift-off  SPEED 
Tooch  doujW  SPEED) 

Shaft  displ:  static 

LOAOEO 


REMARKS:  . -y 

DATA  P£)|MT  **  I'^iM  uACA.'Tt.  h 'J 

MAY.  SPEED  ^ .,3^^ 

hi  /■iri.  L©AO  '^/o  i//  v- 


4.5001. 

T«  M OtK5t  oUV-Dti  L'Ljj-|M3/) 


locflUEu  i-''15C>  iucp«^.t  Y iS6 


oeu  14- S 
.oil 


ron_S 


TtpL-iOO  ^ 

-oil 

^ II 


JO\^A 

Vjh 

1*1  OOf  ' l'\>». 


$ '-"j  '■’J  r p IT) 
QOOO r pm 


,o\55’ 

u/A 


Ar  C\  no  \..'V>S  '01-  L'MOt,  \1  ’ /■' 
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AIRESfcARCH  M AN  U F AC  T U R5N  C COMPANY 


DATE- 


JdJi5 


PREPARED  BY  \K^  ■ F 

CHECKED  BY 


CALC.  NO 
MODEL 
PART  NO.  . 


Jo(3RW)^L  BeA«lW»G  Test  ^ 


Carrver:  t.D- 


SHAFT 

foil. 


0.0. 

Coatik36 


ITyIO  OEOS6  CHRDH 


BASE  THKWS3 
BASE  HAT‘L 
COATifOG  HAT'U 
ToTAt  TrtKWfiS 
LEMSTH 
6EMO  RADIOS 
I0OH6ER.  Foii-5 
special  COOFl&OiiATl^K) 


SWAT  SPACE:  C-S-HF 

ASSEHOUY  MCAS, 


TEST  BRS. 


4. 5553" 


,o\o 

lUtouev-S  TS^O 
06O  ZG-IO 

.0 1 1 

3' 

G 


• (y'tviS 

.0113 


Si?eAX.* AWAY  ToRQO E lb* IV) . 

Kownipc  m. 


Lipt-off  speed 

TbocM  DOiDW  SPEED) 


Shaft  oispl:  static  sT) 

RowMms**-  LoAtseo 


H-(o 

3>^\W  4 37K 


S5QO 

(o500 


TUR6.  e>^g. 

.sG&y^.b 


&4y 


4.5001, 

b,  \ju-l  K>30 
-OID 

lUCOME'-  TSt> 
O 6 D Eg  - ^0 

.Oil 

G" 

3" 

C 

DEUJ 


.0*6  14 
.iDIbl 


.0CXo!5 


REMARKS : i , 

DATA  POlWT  ^ -KZigl-'e 
MA7C.  SPEED  ? 
MAYL.  LCAO 


.4.^  :^-A-  7,  I <•  8.  . 


\ 
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fi 


AIRfSSARCH  MAtiU  f AC  ru  RIN  G COWRANY 


PREPARED  BY 
CHECKED  BY- 


Joorwjaial  BeARiwG  Test  ^0iiFisoBATi6k3  ...  — 


TORS. 


Carrier;  \-0. 

SHAFT  :O.D. 

COATiKiS 


5T 


4 5t55 


M ->b  GG'l 


fO\l. 


'liniY  b/ci,.'i  LW-IU  ?j 


BASE  TH)CKiS3 
BASE  MAT'L 
COATIK^G  HAT'L 
Totai-  THKV165 
LEMSTH 
6EMO  RADIOS 
KIOHiBER.  Foils 
special  COKiFl&DRATlOW 


SPACE  : C-S -HF 

ASSEMGL'/  HGAS. 

break- AWAN  TORQOE  lb." IV). 

Kumnjwc  ToROOts  W? , 33 K>|U^^  \\>.  ih. 

Lipt-off  speed 
Touch  coujO  S?E€Q 

Shaft  displ:  static 

RoMMlttfiA  LoAV>eO 


lUC.-'i-  1 

• o\3 
6" 

3 0" 

C- 

.0\3’/S 


IPC,/  ■/^(') 


4'''  M 


REMARKS  : 

DATA  POIWT  ♦♦ 

MAT.  SPEED  S^QQ. 

M AT.  LOAD  J-C 


2£>,DOO.A^.y>n^^  , 


0^.0.  Jy  ^ 2t-^0  -XAL 


AIRfStARCH  manufacturing  COMPANY 


! ' ' I ' 

DATE  . 

PREPARED  BY  . Jl.0 
CHECKED  BY 


PART  NO. 


JoORV>/5.l  BeARlWiG  Test  Cou  FISORAT 16  V3 


Carr\er;  l.D. 

SHAFT  :O.D. 

COATIWiS 


gST  ggJ 


TOR6.  €>Rg. 


4 .M  4.5oo^ 

Thuc  Oc(A<*cm^,  lu;im3o 


F<^?IL  : THKKiSS 

• BASE  HAT‘L 

COATilOG  HAT'L  <o,3o:^--^o 

Total  THKWfiS 

LEMSTH  G 

6EMO  RADIOS  7y.o 

KloneeR.  ^ Foils 

special  COUP\&DRATIOU  6Ac,VCFtYu 


SWAcy  SPACE  ; C-S- 4F 

ASSEHeOf  HEAS. 

break.- AWAry  T6RQ0E  lb." IV). 
KowNiwt  ToRfilo«  \\>.m. 

Lipt~off  speed 

Touch  doujK)  SREEO 

Shaft  displ:  static 

RoMMitts  ‘t-  LoAoeo 


<•  'HllS 

.O'.  7 


/C?,;n  ’ 'Y 


(,^CY 

'•’(SL'.'C  .'c> 
-o^ 

C 

7.0 

& 

.A)0'5  fiAC'v  V;>iL 
,'7170 

-ore.C" 


REMARKS : 

DATA  PoiWT  ^ 

ma')^.  speed 

/TA>L.  LOAD 
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AIRESEARCH  manufacturing  COMPANY 


Patf  \ 3 1 

PREPARED  By  C;  ^ 

/ 

CHECKED  BY  


CALC.  NO 
MODEL 
PART  NO. 


Jo«3RV)A.l.  BeARlWG  TeST  FlSO RAT  1^0 


ST 


Carr\er;  l.O. 


SHAFT  :O.D. 

COATIWS 


F^IL  : BASE  THKWS5 
BASE  HAT‘L 
COATIIOG  HAT'L 
Total  Th»cM6S 
LEK3STH 
Bemp  radios 
WOHBER.  ^ Fails 
special  CO0FI&DRATI£>U 


SWAT  SPACE:  C-S “HF 

ASSEMGUy  HGAS. 


Bi?EAi<:AvuAT  ToRQoe  IbriK). 
Kuuniwc  ToRSo«  \\>.  ih. 


Lipt-off  speed 
Toocm  I3ou>l0  SPEED 


5haft  displ:  static 

Ronvjmc**-  Loadet- 


REMARKS  : 

data  POIMT  ^ 

MA-^i.  SPEED  ...^-'5 HO 

MAH.  LOAD  . 


E. 'VO'JV^-Sfou'v  tv't  I'.A.  \^trv 


AUOcU 


^ '7 


TUR©.  BRff. 


A V 'M’l  I 1 ^■ 


REPORT 


E 


fer:.'-  .0 

I 


-m 


AJPCSfARCH  MANU  F AC  T 'J  R*N  G iOMP.'m 


N^  I 


DATE  ^ -''J./^_ii^- - --  ■ ) / 

PREPARED  BvJ.j^l.iA  ,^iA-i-AS=^ 

CHECKED  BY  _ 1 


CALC  NO 
MODEL 
PART  NO.  . 


lOORWAL 


BeARiwJG  Test  (Te>>pisoRATt6U 


Carr\er;  i.C>- 

SHAFT  :O.D. 

Coat  i »o6 

fO\l^  : BASE  TH)fF6S5 
BASE  MAT'L 
COATIIOG  HAT'U 
Totm.  THKWtS 
LEMSTH 
6EMC?  RADIOS 
M0H6ER.  ^ Foils 
special  COUF\&DRATIOK3 

S\)JA'y  SPACE  ; C-S-HF 

ASSEHQLT  H6AS. 

dREAX-AVL^A^  ToRQOE  IbrlY). 

K0UNIP&  ToRfilOB  IS"/ 33Kx|^«n^  IV>. 

Lipt-oFF  speed 

TbocHC>OU)0  S?6€D> 

5h^.ft  displ:  static 

RoMMlWfi  A LoADEO 


TUR6. 

4 


M4‘ny.i,<i‘-/‘/y  H-S<ooc 

TTiiuL-^t  MOt  Chv-  L‘>)  1 43  0 


.010 

mc.v  750 

'u-i'-'r,  . 

.^■>!! 

G 


.0  ’ \ I ‘ 
.0\5^ 


. '0 1 o 

1 M'". '(  7 40 
C'  pi.’  o 
-.'Ml 


7. 14 

-'"G 


7o  To7kl  V/.l/,( 


REMARKS: 

DATA  PoiMT  ^ 

MAY.  SPEED  3o,_4)l-.o_ 

M A^.  CCAO  .V.>'  i ^ 

i u 7 \ ' » G' ' ':  L ,'  ■ ' A I A I / ' ' : ' ! * ' ' I ‘ 


/>\ 


’-1  T/Obf  ^ I ’ 

. \ ' / .-v  G ' ii’i  iiv>i'i'\ 


P' 'wv,  'AM  CT)  '!  UL.  7 c ''  ^ ■ 


S ucc  V ' ,1  Nio  r 


I . f ’ 'V  I K » 


^ )c>  ' I * ) <"»  'M  > , » M \ 1 ' 'E  M ‘ 


r/YULu’AT  •'’•  "■  '■''''  '''''' 

--him  ( MtO'L'  V\LVA-'v<i.  pFPN'IL'C  I AlLtL'  (U  CCW'<._L  '. 
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1 

1 

1 ^ 0c*\ 
DATE.  ' ... 

j' 
t — 

CALC.  NC - 

f.  . 

PREPARED  RY 

t 1 l-J  1 I*- 

MODEL 

1 

ruFTK  ED  RY 

PART  NO. 

s 

JooRwj^u  BeA«iv3G  Test  dTokiTisoRATi^k) 


T0R6.  e>Rff. 


Carr\e;^;  \.D. 

SHAFT  : 0.0, 

Coati»^6 


F^>IL 


THKtiSS 
Base  mat‘l 
C£)ATI10G  HAT'L 
ToTAt  THKWfiS 

lemsth 

6EMD  i^AOlOS 
K)0H6ER.  R&U.S 
special  C0|iF\60RATl0M 


SWAT  SPACE:  C-S -HF 

ASSEHGUy  He  AS. 

break- avjkA^  ToRQoE  Ib.-m. 

Kuwniwc.  ToR«o«  C'^/33K>jU^  ih. 

Lipt~off  speed 
ToochdoujW  speed 

Shaft  displ:  static. 

LoAOeCi 


t.S7si/HrS7<^ 

ILu.ctvk>lc^^M. 


, c>  iz. 

)»oC  7S"0 
oli02L-b’ 

.o  \%^/.0No 

M.S" 

3.  US' 

^,S  o 


•700  o 

Faii,op.^ 


,0  t Z 

/►JC 

OftT>:iL  - ^ 

0i3^0#VO 

4*r 
3.3  7 i>" 

o 

o.|-- 

. 0H3^" 

njs  ToTn^ 


REMARKS : 

DATA  PoiMT  ^ 

MA-)(.  SPEED  M iQO<? 

M Ki..  LOAD  1 ^ 

rA'uutfur  AT-  fcxiTi  f3R.&  - -20^0  c^p., 

St-IJ-T'-T  C<TA-'inr,  Va'c  ove  AT  TtCT 
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PZ->75- 


DATE / ^ ^ 

PREPARED  BY_  TajIC^ 

CHECKED  BY 


CALC.  NO 

MODEL  

PART  NO.  


TEST  BRG. 

TORS. 

Carrve;^:  '-d. 

^Sr^SS^A^fe- 

^.57i>oe7A)e 

SHAFT  : 0.0, 

CoATik)6 

^.SDl 

Thi^  3e^se  OiA. 

y,soo 

/iayj-AJ  3o 

F^IL  : BASE  THKKiSS  in- 

6ASE  MAT'L 
CfiATiWG  HAT'U 
Total  THKWtS  i’r^- 

LEMSTH  in. 

6EMD  RADIOS  in 

MoneeR.  ^ Foils 
special  coup\&oratiom 

,oro 

%iso 

TLFLor^  S 
.ON 
‘f'^O 
$.0 
8 

.0/0 

7ty=7.oAJ5 

,Of/ 

¥.St> 

30 

8 

2S(KAtnShSe5 

£fiCH  OI^^For- 

SWW  SPACE;  C-S -HF 

ASSEMBLY  MEAS. 

,o£3 

,023 

E»i?eAK:AWAY  TORQOS  lb.“ir>. 
Koumipc  To«^«o«  C»<S‘,33K>|U^  \\>.  m. 

^3"ft*20^  SS”  TOTfti- 

LiPT-OFF  speed  v-pm 

To oc M ^ou)W  SPEED  '"piD 

~ 

Shaft  oispl:  static  in. 

RuMMmG<L  LoAOeO  in. 

REMARKS  : 
DATA  PomT  ^ 
MAy.  SPEED 
M Ay.  LOAD  ' 


/tA>rc-  .doV  AOO£D  To  /icHtf£y>£  .0i3  CAiC 

/i^mr\L  T^ST~  T'C  /S^  r>^  -OS'  c^/rcC  coot-z^a-  &or»  fH^(r 

C/iLCUOi/T  /1-Z-7S 

^u&Syz^c  c^atftL.  A7  fS-OtX)  '^miooJ  - Jl^r- rtri^ zzoATvn 
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AIRESEARCH  manufacturing  COMPANY 


HATF 

PREPARED  RY 

CHECKED  BY 


CALC.  NO.. 
MODEL 
PART  HO. . 


Ca«r\ev^:  i.D. 

SHAf=t  :o.D. 

Coat  I MS 

FCIL  T in 
Base  mat'l 
CfiATJMG  HAT'L 
Total  THKVifiS 
LEMSTH  if 

6EMD  RADIOS  ir 

I0OH6ER.  Foils 
special  COUF\&DRATIOM 

ASSEH6LT  HGAS. 


e>J?eAK.' T«>RQO  E lb.‘  \r> . 
KouNiwft  TdR6io«  m 


Lift- OFF  SPEED  v- 

Toocmcoujio  SPEEO  >" 


TORB.  BRff. 

wmm 

H^O! 

ij.SOO 

~y^/0  ZJtrOSfcT  Qh(^ 

L.Od  J-^o 30 

. 0/2. 

. 0/2. 

7/S 

7/6 

/ti'Pi.ofO  S 

,oZ^ 

75’  TtT'jC  l?.lCr 

■ll 

?y 


•oSoo 


. 0/3 
^.0 
Z.9 
/Z. 


, oZ3 


YUS' 


Y3JI.S' 


Shaft  displ:  static  10. 

LoAOED  in. 

/^SXfc^/3Lwo  ^/Zg-  fyiL  Q/». 

REMARKS : ^ 

DATA  POIWT  ^ 

MA'/.  SPEED  fp^n 

M AYl.  tOAO  eg_Li-  H .bm’  v-  3 M = 

/ /S'  Tusr  ^CfTH  25VVUO  /OCt-kt> 

2.  ti-t7  cK^cKoar  TO  ZSooo  resT  £1^0  /4/v^‘JTwe  to 

3 

3.  /2-/8  cntcKcs>r  RiffJ  To  3000 o nsT  e^o  /tHPurvos  to  z-j.^hh-s 

h)0  pA/UfUe 
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oatf  • ^ 

CALC.  NO 

PRFPAPt-n  RY  ^tThilK, 

MODEL 

THPCK  FI'  RY 

PART  wn 

JoaRvJA-L  BeARius  Test 


TOR©.  ©Rff, 


Car^ver;  LD. 

SHAPT  :O.D. 

CoATno6 

fO\ L : BASE  THKK>S5  i 

6ASE  MAT'l 
CCATJIOG  MAT'L 
Total  THKVJfiS  i'r* 

LEMSTH  in 

6E^iD  RADIOS  if, 

M0H6ER  ^ Foils 
special  couf\&dRaTiom 

SWAy  "SPACE  '•“C-S  - H F 

A55EHQCY  HEAS. 


et?eAX: AVOA-V  TORQO  £ lb.“  m . 
KouNipa  T6R«oc  \\>.  \y>. 


LU)’/NZO 


. 0/Z 

7/4- 

72.71^4  o«j  S 

,'JfS 

Ce> 

Jl.9 

/^. 


PdR®- 


S£>00 

^S-O'O 


.02/8 


AIRESEARCH  manufacturing  COMPANY 


CALC.  NO. 


PREPARED  BY. 
CHECKED  BY_ 


^iTAJik. 


BeARiufi  Test  ^owfisoratiop 


Carr\er:  '-D. 

SHAFT  : O.D.  ~ 
CoATlk)6 


foil  :BASeTHK|5S5 
Base  riAT'L 
COATiJOG  HAT'L 
Total  Tn»cwfcS 
AEMSTH  in. 

BEMQ  radios  ih 

W0H6ER.  ^ Foils 
special  COOPl&OltATlOK) 

WAV“5PACG1~C  “S  - H F 

A55EH8LT  MCAS. 


Bi?EAX: AWAT  TORQO  E |b  - . 

Rowmipc  TdROO«  (\S,23K\j»y^  \\>.  m. 


Lipt-oFF  5Pe6D  n 

Tooch  tjoujio  SPEED  ^ 


5Haft  displ:  static  in. 

RoMMiUG**-  Loaded  in. 


^.t'pvn 

[jL  -r5M  in?  = 


REMARKS  : 

DATA  P^>mT  ^ 

MAY.  SPEED  ■ igpoO  i-pm 
M AY.  LOAD  p^t<  = 

/.  /^OJO  (Otfil  AS  COOLM'if’ 

I /7(?sr  7«r  TO  A - 

/ftf/u  Lo/iOek’iO  /fO0O  / /fi^tcAb 


AIRCSEARCH  MANUFACTURING  COMPANV 


DATF-^ 

PREPARED  BY i 

CHECKED  BY 


,IT>J  VVC-. 


CALC.  NO.. 
MODEL 
PART  NO.  . 


Jot3RV)^L  Test  FlSOEAT  160 


Carr\e;^;  l.D. 

SHAFT  :O.D 


0.0. 

C0AT1W6 


F<51L 


BASE  THK0S3  i’ 

BASE  MAT'L 
COATitOG  MAT'L 
Total  THKWtS  i 

LEJOSTH  ‘ 

6E0O  ^^AOIOS  ; 

W0H6ER.  Foils 

special  cowfi&oRaTioo 


SWAT  5PACET  C-S-HF 

ASSEHQLT  HEA5. 


break* AVUAN  T6RQ0  £ lb.-  m . 

Koumipc  Torgoc  (\S,23Kxj>yM^  l\>. ih. 

Ljpt-6FF  speed 

rpm 

TbocMDOu)l0  SPEED 

rpm 

Shaft  displ:  static 

in. 

LoAOED  in. 


REMARKS : 

DATA  POIVIT  ^ 

MAY.  SPEED  -.30.000  _*-pho 
M AY.  LOAD  clll  PTiii  ‘\.ur3 ^ = 

/ T'Hr  tOiPi  /f/R  ^LAioy 

Z-  ZoA^EiL  /^0K>  7t>  iS}^OZ>  0^1  rti  2^^^  /A>LBrAtK 

3 HD  30000  Cto  2-f 
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DATE 

CAl.C.  NO. 

PREPARED  BY 

MODFI 

CHECKED  B 

PART  Nn 

Joc»RV)AC 

Bcariug  Test  Coufisoratiao  ^ _ 

SHAFT  : 0.0. 

COATIKi6 

FOIL  r B/STthk^SS 

Base  hat‘l 
CfiATJMG  HAT'L 
Total  THKWfiS 
LEIOSTH  in. 

6EMO  RADIOS  it, 

W0H6ER  ^ Foil5> 
special  COUFiftuRATiOU 

SWAV“59ACST'C-^  4 F 

ASSenetT  H6AS. 


BReAK*AwA>»  TORQ06'  |b“m. 
KtJWNiwt  ToR«io«  \\).m. 


LiFT-CFF  5P6SO  v-prT) 

To  tic  Vi  ^OU)  10  s?6€0  '■pni 

Shaft  displ:  static  inT 

Loa'ded  ir.. 


REMARKS : 

DATA  PoiKiT  ^ 

MA"^.  SPEED  »-P^ 

M A>L.  L©AO  gtTLL  H .Un^  i-  S M = 

/ 7&'»r  OjIThf  /^3  coolant 

Z Sr0>fArtoAi  OP  ChoLAMT  At  14»}fCO  Of  Soosf/f^ 

,4£TWiTV—  SHOT  OOU>h^ 

3 P^  TIcST  'OiTfii 


REPORT 


CE 


AIRES6ARCH  MANUFACTURING  COMPANY 


datf  6'^  ^ 

PRbPARED  BY  n llL 
CHECKED  BY 


CALC.  NO 
MODEL 
PART  NO. 


JooRV)i^L  Test 


Jk- 


Carr\er;  i.D. 

SHAFT  To.D. 

Coatii<^6 


foil. 


BASE  THKiiSS 
BASE  MAT'L 
CCATltOG  HAT'L. 

Tota»  THKWfiS 
LEM&  fH 
BEMD  RADIUS 
MOHBER.  R>iu5 
special  C6WF\&URATI4>M 


m. 


tn. 

5 n. 
in 


"SWAT  SPACE  • C-S 'HF  ' 

A5SEHBLT  HFAS. 


C»{?eA>C* A'uA>/  ToRQO € lb* m . 

Kouniwc  TaR«o« 


Lipt-^ff  speed 

ToochDoujU  SPEEO 


ryru 

rpi-n 


5Hk.FT  displ; 


STATIC  in. 

RoMMlttfi**-  LoAOED  in. 


X£ST  BPS- 


1/ 


^OOO 

^aoo 


TOR6.  E>Rg. 


REMARKS  : 

DATA  POIVIT  ^ 
MA'jC.  SPEED 

ma>l.  l©ao  cell 


Z2^0O  t-phn 


^ = 


30  ‘-a 


/ ~ruR5)*3e  /A^weASe’O  -CVO  z>//^e.5?K^<3A4u^ 

-2^  ^RACMyrxr  COAreo>  U)/  vUSco£CASr?c  HArL'^.o/0 

j j^UA.  -Wo  t-opDc/n,  fjrj  -;;pfj,:'iCa/LT  CVjAm^E' 

T>  ioAOi^  Tld'.'JSTALLur^  untti-  sma 


r 


REPORT 
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3- S'-  7^ 


DATF  -• 

PREPARED  BY 
CHECKED  BY_ 


»T>  >IK. 


CALC.  NO.. 
MODEL 
PART  NO.  . 


JoORWAL  BeARlWG  TeST  V=l6bRAT  16U  17 


I I T0R6. 

Carrver;  i.D. 

SHAFT  ':  0.dT 


FOIL 


O.D. 

COATlkiS 


6ASETHKKiS5  i< 

6ASE  HAT'L 
CfiATilOG  HAT'L 
Total  Tn»cwiS  » 

LEMSTH  ' 

6EMD  RADIOS  ; 

Wohler.  ^ Foils 
special  COUF\&ORATIOM 


SWAN  SPACE  ; C-S-  HF 

ASSEM6LN  HGAS. 


dREAX: AWAN  ToRQo  £ lb.“  m . 

■RowMjpa  T6R«io«  Ci5',33K>^/..^  \b.  m 


Lift-off  SPEED  r 

Toocm  DOO)|0  SPGEO  ^ 


SS'^TFSt 


g 

I 


ho  Go 

'^yoo 


shaft  displ:  static  in. 

Rommiwg**-  LoAoeo  in. 


REMARKS: 

DATA  P£>IWT  

MAY.  SPEED  ,30  70  0 v-pho 

MAY.  load  cell  = o 

Hfo  pfio^es  /«sr^;,LEs>  LOAOcii 

ppive  TU!3a/^J^  Avt/sc  ccu;Ai/?-p^AjC6- 

3.  Ttetr*  /MOfC^TtTb  C/#Arr  OP%Tfc/>nW#  MJ  |3fc^Ub/^>^  A40»4f 

ABOVtf’  T(/rsT  A^ot.rrv'^g  > Ar  30.7AT^A<T« 

CUMlVl^^^.  5eV  PA^OTO  An'ACWi*  RfcVliWSir  3/04f 
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AiRfSEARCM  manufacturing  COMPANY 


3-17'7t 


PREPARED  BY. 
CHECKED  BY_ 


PART  NO.  . 


Jot»ROii.L  Bpariug  Test  ^ 


ITE5T  BBS.  ITORB.  BBff, 

Cabbver;  wd. 

SHAFT  :O.D. 

Coativ^S 

fO[C  : BA5F  THK’KISS 

BASE  MAT’L 
Cf^ATIfOG  MAT'u 
TotAL  THKVJfcS  i'T>- 

AEMSTH  in. 

BEMO  radios  ill 

KioneeR.  ^ Fou.5 
special  CfiUF\SDRATlOM 

SWA'TSPACE':  "C-S-4F 

I ASSEMeu/  heas. 

BREaK-AvuAy  ToRQOE  ibrrn^^ 

Koumiwg  ToR«oc  \\>.  »h. 


Lipt-oFF  speed  -prn  7P®D  -~ 

TbocM  DouJW  SPEEO  — 

5hkft  displ:  static  io. 

RoMMmfi**-  LoAoeo  in. 

REMARKS: 

DATA  P^mT  ^ 

MA^.  speed  

MM.  LOAD  ,^?  = 

Zeo! Li  7f37-  • Zrou-S.  TC//lA'^ff  iP^ti  /2t7»^^Ct2i  p/lO»^ 

CO^F'fG  y?  7ES7- 

/A;sr»«X^3^  7TJ  /itTGti  91="  Z>A^At>C77<Aj 

‘SW/3PT  1*^  p'WD  Mo'C>S^  ^OKipiiZytur^ 


REPORT 


airesearch  manufacturing  company 


CALC.  NO  _ 
MODEL 
PART  NO. 


Jo(jRw)A.L  BeAwtuG  Test  (^Toufi€orati6V3 


CA.?R\eR;  l-D. 


ST 


T0R6. 


SHAFT  : 0.0, 

CoATIk»6 

F<91L  : BASE  TH)C»iS3  i’ 

BASE  HAT'L 
a>ATl^^G  HAT'L. 

ToTAt  TH»a^t5  ' 

LEMSTH  ' 

BEA'O  i^ADlOS  i 

fOOHBER.  ^ Foils 
special  coufv&d^?aTiow 


q.s735 


SNxiAV  SPACE:  C-S-HF 

ASSEMBL'/  HEAS. 


dREAKr  AWA'^  TOEIQO  E lb  ‘ m . 

Kounipc  ToROOc  (iS,33KxjiMi^  \\>.  ih. 


Lift-off  speed  rfm 

Tooch  Dou)K)  SPGEO 

Shaft  displ:  static  in 

RoMWiwfi**-  Loaded  in. 


0*2,  ol2- 

7/e>  7i^ 

0*3.  .013 

G.-O  G.O 

)Z_  )L- 

f’O'Orio  10 


oi'is* 


2t»VTfe.VT*  AO 
57o~Tts.-r 


5 5oO 


REMARKS:  Pf^PtoGio3 

DATA  PDIMT  ^ 

MA"^.  SPEED  

MAVL.  LOAD  cfcl  o^,  in?  = 

Sn.-M-  ^ r^r-K  - P.'C-Y  ,-v  -o 

T.i  A“T  'TO-'-Z 

2 .!'-’' |i ■;  PiPiwe:  Bt>wTt.y  Pf-  ovit:^ 

2.0/0  ' H.pm  T^JOSyoc.  /^T/UiTY  IMTO  .0(S  0>U5'J"  fir  DVnJC)  Aie  OK)  ^ OPP'' 

BtTnm,  oFi“  Bn*  A)cr  s/Gk)<i=. 

2u/u  K UiAOtn.  i^STOv'  e2>'W0i5<£  f \/"3  /TT  J.S'K. 

i2uk)  3 LCAO.JR,  U}ITH  x/lS<0  - AJOlSli  <?Owe  - SPtV^  It)  SU)  IC  - UO  o ro  5"p«fprt/tet^ 

Qom  *<  MOiLe  OiSco  rAPcT  (^t;-S<Jl,T&  , — 


v-p  in 

0^1  •<■  ^.blP^  T-  5M  in?  = 


REPORT 

— 

- 
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OF 

AIRFSFARCH  MANur  ACTURINC  company 


DA 

prepared  by 

CHECKED  BY_ 


CALC.  NO.. 
MODEL 
PART  NO.  _ 


Jot3Rv>A>.L  BeARlViG  TeST  9'lSORAT  16U 


Carrier;  i.d. 

TEST  BRG. 

TOR©.  ©Rff. 

^.5H3sr 

*/.S7*7l  • 

SHAFT  : 0.0. 

Coat  i k>s 

TM^^JT)e^sie<3iP.,. 

USoo 

Lw-lM'3o 

F£>IL  : SA5F  THKviSS  in. 

BASE  HAT’L 
O)ATi}0G  tlAT'L- 
TotAC  THKVlfcS  i’T'- 

LEWSTH  in. 

e>BKO  RAOU35  iri 

KI0H6ER.  ^ Foils 
special  C0UF\6URATI0K3 

SWjAV'SPACS  : C~S~HF 

ASSEHBLT  HGAS. 

*o\3^ 

4>c> 

.<017- 

,Ol3> 

4.0 

1^ 

See 

fOR*3> 

d^AK.-AWAT  TftRQOE  Ibrm. 
Kounipc  ToROoe  (\S,33K>ju^  \\>. m. 

so 

-.V, 

LiPT-OFP  speed  npm 

To  ocH  COUJK)  SPEEO 

fi>500 

5H^.FT  DisPLI  static  in. 

RoMMlttG  ^ LoAOeO  in. 

REMARKS : 

DATA  POIMT  ^ .. 

MA^.  SPPED  S4oOO  v-pm 

M AV..  LO/\0  Cfj-i.  pMY.  :r  5M  ,r.?  = 

5mo«.t  Shaft 

^5»NMer  T%»ls  as  (^prAVSifr-  |q  gfjo  tiJrrHl  ,OOM  SS  SHikf 

Iost.'YLv.c.Tx 
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! 


AIRFSEARCM  M ANU  J AT  I i I *MN  { 


C M r A r 


DATE„  ^..^L  -l^XCs 


PREPARED  BY 
CHECKED  BY„. 


PART  NO.  . 


JooRv)f>.L  BeARtuG  Test  (^Toupieoratic^j  £. 


Carr\ev^;  \^0. 

SHAFT  :O.D. 

C0AT11A6 

F^^IL  :&k&ZTHmS^  i< 

Base  mat‘l 
CfiATifOG  HAT'L 
Totau  Thkwss  " • 

AEMSTH 

6 EMC'  R.AO»05  i„ 

hJ0H6ER.  ^ FmLS 

special  CAUF\&DRATI£>I0 

swA'y  sPAce:  c-s-hf 

ASSEH8CY  HEAS. 

BREAX'AVi^Ay  ToRQoe'  |b.-m. 
KowNiwa  Torro«  ('i6',33K>^/.«^  \\>.  m. 

Li PC-OFF  speed"  .(MY 

ToocmdouJM  SPEEO  *f'' 

Shaft  displ:  static  r; 

LoAoeo  in. 


Ti''"^  Chtu 

. 0\'L 
Inico  7 I 

Tii.'FtD'O  S 

.013  ^ 

(,  0 


TUR6. 

4.5  77'// 

/‘/•577/ 

qSOO 

LLO'/Aj  -30 

0)T^ 

)*of  0 7 1 ^ 

TL'F'ujaj  3 
0l3 

4.  0 
2.‘i 
12- 


/jOR.r  swftpr 


!-|6  0Bft6.  tOOfeiC 


Cl  W'^ 

MZoO 


: 54 


REMARKS : 

DATA  PcmT  ♦* 

MAY.  SPEED  ‘ f'o 

M AY.  LOAD  7^^-L  pr-<  : 5*^ 

A 

CftMl‘t.n.%  MDft/F/fcT)  ptni  pAP  lO^TOJ 

^ .OOH  ss  Srt/M  CO  FO'u  fiAtK. 

I^uu  Z.  cm=ccour  H»a^3  (KOuwr  coAot-R,  -SPtVoTo  J.1  V < 

Zvro  3 t-c<vatin_  iMocxc/trii  Rom  to  iolc  On3iift77o-.>  (-'CrtsiSi^. 

iloM^  HOALia  v/tsco  r/PPtE  o*j  i-OAot-vt. 

Rom  ia  flCC€Ut1l<j**tTtft-  O'M  t-OAofcli,  - Ffc-T-C.  OFP- - M">>  U.%0  TO  IH  W>i  0 ■ >o-J  Vflc&V. 


AIRESEARCH  MANLiT  ACTURING  fOMPANI 


DATE  ** 

PREPARED  BY 


CALC.  NO. 
MODEL 


CHECKED  BY PART  NC. 


JoOROAll  BeARlUG  T^sr  CftiAFlSOBATlC^ 

Carrier;  i.d. 

TEST  BRG.  ^ 

TORS.  SRC  A 

'■/A'7‘VS/,  . 

^6  73r 

i^,$77v/ 

'qsini 

SHAFT  :O.D. 

CoATlk^S 

4.vQ?yv  US'S 
’TT:'^j2X7WS\.-CH«. 

t|,Soo 
Luj)-/kj-  3o 

F^IL  : BASE  THKKiS3  in, 

6ASE  HAT’L 
CfiATJIOG  HAT'L 
Total  THKiWfiS  i'f^> 

i-EMSTH  in. 

6EMD  RADIOS  in 

lOOHeeR  ^ Fou.5 
special  COOFVSDRATIOU 

O/L 
j M f O } / 
TL-r  uOki  ^ 

L-(‘ 

2T 

1^- 

o ,'  i- 

! /V.  c p y f S' 

012 
C-  0 
I.*) 

\Z- 

SWAV  SPACE;  C-S-HF 

ASSEMeCY  H6AS. 

&{?EAXl‘AVuAk't'  TftRQOE  lb.“\r>. 
Kommipc  (\S,33K)jt^ 

L IPX- OFF  5P6EO  -pm 

To oc H COU)K)  SPEED)  npm 

5^£>o 

32.50 

:ir 

Shaft  displ:  static  in. 

RomK)1«^C4-  toAOGD  in. 

REMARKS  : 

DATA  ROIViT  ♦♦ 

MAY.  SPEED  vpYo 

MAVL.  lOAH  cell  pM  ,,..2  = 

il  o'i  DtR  pAP*  /0t,?o3 

^ .oon  ss  '5j.»(^3  /ajst 

) m Ii’Sal.pya.^.c e~  ft,LT~  - /*o  ZiT" 

M clt  / pt  /*vA£-  /a  t c r'  *s  pt-fD 
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t 

?3 

li 


M 


r 


AIRfStARtM  MANUr  AC  luriM''  LCftAtn 

Bava^oc^  TxArr 

oate.-^P^TtZC 

CALC  NO  _ 

PREPARED  BY 

MODEL 

CHECKED  BY  . 

PART  NO  _ 

j 1 

JoORWAL 

Beariug  Test  ration  ^ ^3  _ 

Carrier:  '-D. 

SHAFT  : 0,D 


■TEST  PRG. 

HSIHS/ 

/MS7^S 

*Th*^  )^^wO*» 

.Olt  * 
Tie 

Tcptju*^  ^ 
.0(3 
6.0 
2*^ 

12. 

.OtlS*(^^A^) 


TORe.  E>Rg. 

M.my/ 

A577  I 
H.^00 

UW>IN»'^0 

.ofi 

71% 

J^'FC.O*4  S 

uQt% 

6.0 

2.*^ 

ta. 

Uh'tum 

Pitjtj^glLiojC 

.OtSlS* 


S' 
i ^ 
I 


SHAFT  : 0,D. 

Coat  i ».J(S 

F^^IL  : BASF  THKKiS3  i' 

Base  mat'l 
COATIMG  hAT'U 
Total  Thkvj6S  "■- 

AEMGTH 

6EMO  RADIOS  ;„ 

hiOH6ER  A=f  Foils 
special  COWP\615RaTIOM 

sWAT  SPAce:  c-s-hf 

A5SEHBL'#  HGAS. 

e»REA><:A\uA^  TORQOE  Ib.-m. 
KuuMiwa  ToR«o«  (■»<S‘,33K>Jb^ 

Lipt-oFF  5P6EO  M''> 

Tooch  c>ou}K)  SRGEO  ' ! 

5haft  oispl:  static  i* 

RoMMlttfiA  LOAOeO  in. 


REMARKS : 

DATA  POIMT  ^ P,s,.v.. /),u  o WCroa" 

MAY.  SPEED  ' F>- 

MAY.  LOAD  i ' 

%>.OOM  SS  OM  FOf«.  tlACIU 

H/VY  ‘'0A»  / 30  ps/  LOfto  tRC-  ) / 1 ^ 

2 t-2V-  (ilmu -W'Ny  3^,^  (i*- / 'I’O  H16* 

^ Optb  po-^T^  G-/I.  (^P^,  PSI  8*^  t/^>0 

Sd<o  M ^-Bo  ftTSr  ©«.o  r/j-'i-otte  At  Oftc- psi  32000 


I? 


/: 


AiPCSfARCH  MANUr  Af.  1 


DATE-  - 9/(0/ 

PREPARED  Ev 

CHECKED  BY 


CAUC  NO 
MODEL 
PART  NO  , 


JoUROAL  BeARlUG  Test  (^CkiTlSORATlOO  ^ ^ z*/ 


Carr\er;  i*D. 

5-—-  — 


:o.D. 

CoATIKiS 


F^^IL 


1 


SA5C  THK»iS5 
Base  mat'l 
COATIMG  MAT'U 
Total  ThkwSS 
LEfOSTH  i" 

6EMD  RADIUS  in 

lOoneeR.  Foils 
special  cowpi&dratiom 


SWAV  SPACE:  C-S-HF 

ASSEHGUf  HGAS. 


e>ReAX.-AvuAl  TORQUE  \hr\X). 
Ruunipc  TfiRSOc  (iS/SSKxjt^  i\>. ih. 


Lipt-off  speeo 

Toocm  coujw  s?eco 


* pri 

T ('  m 


Shaft  displ:  static  n, 

RoMMiWG  «*■  LoAOEO  in 


REMARKS  : 

DATA  PCIMT 

max.  speed  ^.33000 


31£SI  gRg. 


.o/^ 

/<Mr*  7/^ 

7Ii->='c0.o  ^ 

>oiz 

c>  .0 

I I 

iz. 


017^ 

Jvs/szS^" 


'JCCO 


TORe.  BRff. 


iS77*f/ 

_ /^S7V\ 

y.T9o 

£ut  -A>-3o 


.Of  2. 

A««  7/6 

~J\£FtJJri  -S 
0/3 
d o 
Z I 

IZ 


.oJLsaS' 

/ooy//E5 


Max.  load 


■( 


'^Okj  I - SoesV'VJC.  Both  Oobs  AS.'ttC  '-OftO.T  D'Y'^o  TACtoO  .At  * lO  t. 

|2vim2-  oh  to  33  H '9/t/70 

3 - multi  SPL.T£5i  MuLri  SMuAi^jcitOC*  9/^t/7U 

hiOAJ  W - tC-AOelx.  CHteXX-Oor  3 I'M  Ol^C•  PS<  <6y  °I/9/7<» 

& 3.S  VO 

2l'<jS'-  5,1  ©0^  P>S(  <2  .2.3»l 

M.  5r  <g  iS-k.  -- <»o'^t0.&#«.itv  looTVvi  - SHurOoioio  lOo  pMn-ufLc" 
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:rgsT  BRs. 

Ca.rr\er;  LD. 

SHAFT 

FO\l,  : BAiSE  THKKiSS  i'- 


y.sr(^n> 


TUR6.  BRg, 


O.D. 

CoaTIK36 

Thm  D&sr  Cha_ 

9^ 

Lit>-W-3o 

BASE  THKKiSS  i,.. 

.otz 

.oiz 

BASE  MAT’L 

iuco  C7/6 

/tJco74S 

COATlfOG  HAT'L 

"/efuhoS 

TenrfhtS 

Total  THKVifcS 

,01^ 

0(3 

CEMSTH 

C-o 

C-o 

6EMD  ^^ADIUS  it, 

S/ 

3.( 

WOHeER.  ^ Foils 

special  C6|1F\&DRAT|0W 

y6r3^  tVi  /; 

c A/-'  9^-3% 

:E;  C-S-HF 

,olUZ. 

,CZffLS^ 

AS5EH©L']f  HCAS.  .62/5^ 

6REAX-AWAY  ToRQOE  Ibrm.  ?^7 

Kuunjwa  T6ft<»o«  (■|5,33K>jU^  \\>.  »h. 

Li^t-off  5peeo  »i>ooo 

Tooch  UOUJM  5?£€D 

5HKFT  D(spl:  static  Pk 

RoMMmS**-  LOAOeO  in 


Ml 


REMARKS  : 

DATA  PomT  ♦* 

MAY.  SPEED  ‘ r'^- 

MAY.  LOAD  ^"-'-  p---^  '-p  : . ‘ n."  ■ 

/,  /UcHAlPeHes>  f/rt»cH«»re  U?<M7efc  HCX-es  SHAPr" 

PftOWCJOAiCtni  yo/iSyAjcH-COocyS  AcrfOrrv 
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JooRw^^u  SeARiuG  Test  ration  ^ 

TEST  BRG. 

T0R6.  BRff. 

Carrver;  \.D. 

i.S71v/ 

/^.b77/ 

SHAFT  :O.D. 

y.VSr'6o/fCi,-S-6-2. 

Y.^'60 

COATiK)6 

’7a"*a  jDtrJib'  Ca^L 

'30 

foil.  :BASeTHKWS3 

, O/'i- 

. OfZ. 

BASE  MAT‘L 

//^to  7/  d 

Joco  7/S 

CCATIJOG  HAT'L 

ToTAt  THKiWfiS 

^ <:»/5 

, 0/3 

LEMSTH  in. 

60 

6.0 

Bemd  Radius  in 

3.1 

3J 

KioneeR.  ^ R>ics 

/X 

/X 

special  cauP\&URATlOM  * 

^6.2?0  Ol/klltA*» 

V^.SPt  tfl/tHtAc 

SWAf SPACE:  C-S-MF 

. ^>;z;z2. 

, £>2/  2J" 

ASSEHB'w'f  HFAS. 

. O/P 

.o<7 

BI^EAXrAVuA'f  TORGOE  Ibrm. 

] 'h6  ft  ic^ 

Kounipg  TfiRRO®  C*<S‘/33K>jUC)  l\>.  m. 

Lipt-oFP  speed  Vpn 

Touch  DOUJM  S?£€0  'T''' 

' " 

Shaft  displ:  static  m. 

RoMMii&GA  Loaded  in 

REMARKS  : 

— 

DATA  PUIMT  * 

MA'K.SPFED  •-(■•o 

MAM.  1 Ot^n  pr-!  < \.'-n  ’ J , 

* ,OOZ  ZTOCt  ADOi-Ti 

T»» 

70  /co/u  /3ACK 

F/!)iLVfl-8  AT  5,yi/  ps*  (2  2V<W0  SA/G 

1 
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Carr\6R;  \.D. 

SHAFT  :O.D. 

Coatii.46  _ 

/aJCOk>c.i^  S^tiAf^T" 

TEST  BRG. 

TOR©.  BEff. 

t/.^O 

7f2if»/h.<-OY*/00 

OY'OlZkCO 

y.iTfo 

7h'A/>^<~oy  700 
OmoiZt^ 

FOIL  : 8A?»E  THKViSS 
BASE  MAT'L 
C0ATIM6  HAT'U 
Total  Th»CW6S 
LENGTH  in. 

6 EMC)  RAOIOS  in 

WOHBEd  Foils 
special  COMftSORATiOM 

Iajio  "7iV 

7fcA^tO«->  ^ 

, 0/3 
C.o 
3./ 

/o 

IkJLo  7l  V 

'Jkp’CO-'^  S 
. 0/3 
0.0 

3/ 

/c 

SWW  SPACE;  C-S-HF 

ASseHBLY  HEAS. 

rO/9 

~7oW^^ 
. ox/ 

dREAK- AWA't  TORQO  E lb.*  m . 
Ruoniwc  Toroo«  0^/33K>|bM^  ih. 

<3|S'  Tl»* 

Li PT- OFF  SPEED  > pm 

TbocM  \70U)W  SP€€0  '"pm 

i 

Shaft  Dis PL : static  i^. 

Loaded  in. 

i 

4,  i?L’o 
lOwcO 

- 

REMARKS : 

PATA  PDIWT  ^ 

HA'IC.  --  - 

MAY..  LOAD  xT-  = 


/?(/aa  /-  /4't/<-r//a/-/»«Jt?‘  AA<-A*^cr*J(S.  ov/ic 

vn  ti/ys  T ^ ^ ^ 5*6/  J y y'  /A/$  ^ 

MotHriOo  - S>^.r  fusouis  f*nt  st»ue  fl 

J 9flJ  MOt-ri  SPt'U'C.  HU«-r«  f>L./^tX  QAi, 

Ij  ^/15J  (bftC  Ig-r-  »'^‘5T  TB«a 
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SHAFT  2 O.D. 

Coat  j ^6 


^57^,. 


^5 


TOR©.  ©Rff. 


4S~^o 

Trt 


fO[L 


I 


J-S"  fbRo- 


8A5E  THKtiSS  i. 

BASE  MAT'L 
COATJMG  HAT'L 
Total  THKM45  ' 

LEJOSTH  ' 

SEMD  RADIOS  i 

KlOH6EfiL  Foils 
special  C0UF\50RaTIOW 


SWAV  SPACE  ; C-S - 4F  ■ 

ASSEHQLV  HFAS. 

^ak-awa^  ToRQoe"~  Ib.-m. 

Kouniwc  Tor«io«  0^/33KxjU^  \\>.  i»>. 

Lipt-off  speed  mTT 

Toocm  DOU)W  5?E€0 

Shaft  oispl:  static  in. 

Rl>^4mvlS‘*‘  CoAoeo  in. 


REK^RKS: 

DATA  POlWT  ^ 

MA'JC.  SPEED 

MAVL.  i,oAD  ^"  L : : ‘ ..."  - 

M-IOI*  TtMF*  TtST  <2,  I <r  At-  L-tJuJ  € PUVt) 
S' /<«  u^/tna^  T'///?o>sT 


,012. 

)<ofo7l^  liwco^lW 

ICrrMAiJ  |C1Am/>>nJ  C5£3 


oaT. 

4.0 

3.L 

10 
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Carrier: 

SHAFT 


:o.D. 

COATm6 


fOii,  : BASE  THKViSS 

in- 

' . o/O 

.O/A 

BASE  hAT‘L 

/vco  T/*^ 

A*C«  7/1' 

COATIIOG  HAT'L 

MC»  fUMMAftA 

r 

Total  THKMtS 

in. 

.o/a. 

.o/J 

LEK3STH 

i n- 

4 

6 

6EMD  RAOID5 

ih 

s./ 

1./ 

MoneeR.  ^ Foils 

/2. 

/«. 

special  COWFiauRATlOM 

sWwsP^ce:  c-s-HF 

•6  tv 

ASSEHBLT  HGAS. 

.0/K> 

.O/fO 

break- AWA><  ToRQO  E |b.‘  m . 

5fen  /27 

r^cG- 

KouMipa  T6R0o« 

W \h> 

/ 

Lipt-off  speed 

Y-pm 

• — - 

Toocm  uou)|i3  speed 

rpiD 

' ^ 

Shaft  displ:  static 

in. 

LOAOED  in. 

TE5T  5RG. 


4ivftr 


TURe.  SRg. 


y.jr©»i/ 


REMARKS : 

DATA  POIMT  ^ 
MAY.  SPEED 
MA>1.  /.OAO 


Q,:;g?{?t?  vpLn 


cfll  pr-fY.  *\  .tin  ■ 


CM  ^ = 
O ^ in. 


CnWtOVT  itCMI  -AIO  AOAO«^  • 7»^CW0 

\)a0  T 

^Kt-V  Smaca_^  X/n.!^  MOR-.T  CiOM'AjjiArr 
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JoURU;>^L  Bc^ARlVlG  TeST  Cok> FI80BAT IflW 


JO. 


TEST  BRG. 

TORS.  BRff. 

Carr\e9^;  ».D. 

*^%.S7,o 

tf.SUW 

'%SU» 

SHAFT  :O.D. 

COATIiOS 

'Tht^tiujtr\ 

o/ttMw 

foil  : &k&£  TH)0iS5  in 

.0/0 

.«/» 

BASE  MAT'L 

intm  ?f^ 

/*/€•  ^/i' 

COATU06  HAT'L. 

MCm 

^ 7Vf€»jS 

Total  T«»cwts  in. 

.0/A 

.Of  2 

LEMSTH  in 

c 

4 ; 

6EMO  l^ADIOS  in 

3./ 

3/ 

W0H6ER.  Foils 

/A 

/a 

special  COPP\&D^ATIOK) 

fV-3?. 

04/«0tv0i» 

SWaTsPACG  ; C-S-HF 

....a/tr.otHZ. 

.Otf 

ASSEHOtT  HGA5. 

.0f9^ 

^reaK-awA'i  TDRQoe  Ib.-  m. 

”^l•Vft7c.'  ”2T6 

a 10 

Ruuniwa  ToRROe  33K>jb/Ni^  \b.  ih. 

N-. 

LiPT-oFF  SPEcO  t-pTn 

)lCJOO 

— «w 

Toocm uou>ia  SPEED  '"Pni 

Shaft  displ:  static  in. 

LoaOEO  in. 

REMARKS : 

DATA  POIMT  ^ 

MAY.  SPEED  •'p^o 

M AY.  /.©AO  .t<n’  T-  5 '» . 

> - 
!>•  ~ 

ro«>*><NAiA 


FArtaT>  At  ZtODO 
Tfecf  ©visa 

U^J60>>U0^P  4VcR 


coA* 


'/i^eV  Ab  OTWE<^ 
|WDlCAT7»i05 
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